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ABSTRACT
Semi-enclosed coastal systems are of great importance both
environmentally and economically. ln recent years, increased
anthropogenic activities in these areas brought the need for integrated,
ecosystem-scale management. This study proposes to estimate the
assimilative capacity of a small ord.
This study had three main aims. The rst one was to compare the pelagic
properties observed in the 2000s to those observed at the same site in the
1970s, the second one was to design an accurate but simple, two
dimensional dynamic model of a ordic system for the prediction of
chlorophyll and nutrient concentrations, and the third one was to propose
a method for the estimation of the assimilative capacity of the ord. This
study was carried out on Loch Creran, a shallow ord in the Scottish
Highlands, in which a large sh farm was established in the 1980s.
A sampling campaign was carried out 2003-2004 in order to collect time
series of chlorophyll, dissolved inorganic nutrients and particulate organic
matter concentrations; temperature, salinity, density and turbidity proles
and microplankton and mesozooplankton diversity, abundance and
biomass. Similar time series from the 1970s were gathered from the
literature. The data from both decades were compared and showed
significant changes in some physical, chemical and biological properties.
The cessation of activity of an alginate production plant, changes in
weather patterns and the introduction of aquaculture were identied as
possible causes.
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A simple two-dimensional, three-box dynamic model of Loch Creran was
designed. It has only three state variables (chlorophyll, nitrogen and
phosphorus concentrations) and two crucial parameters (the exchange
rate and the yield of chlorophyll from nutrients) as well as an optical-
photosynthetic sub-model. The model was tested against observations for
the years 1975 and 2003 and showed an overall good t. The model was
then run under different scenarios in order to estimate the assimilative
capacity of Loch Creran for nitrogen and phosphorus and its carrying
capacity for farmed salmon.
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CHAPTER 1
INTRODUCTION
This chapter introduces and defines concepts which will be further
described and discussed in later chapters, and also provides an
introduction to the work presented in this thesis. lt will rst present the
aims and objectives of the study, will give some background information
on estuarine and coastal systems, anthropogenic activities and their
potential impacts and will discuss ways of detecting environmental
changes and potential environmental management actions.
1.1. Aims and objectives of the study
1 .1.1. General introduction
The Water Framework Directive (EC, 2000) requires the maintenance of,
or restoration to (at least), "good" environmental quality in water bodies
such as a sea-loch basin. Environmental quality is dened by a number of
factors, including biological elements, hydro-morphological elements and
chemical and physico-chemical elements. Achieving and maintaining good
quality means ensuring observed values of variables such as dissolved
oxygen, dissolved inorganic nutrients, particulate organic matter and
chlorophyll are within stated Environmental Quality Standards (EQSs).
Environmental quality is threatened by anthropogenic inputs that may
affect biological oxygen demand, nutrients and biocide concentrations
amidst others, resulting from a range of activities and transported by a
number of routes.
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The environmental impact of aquaculture on coastal waters has been
widely studied (e.g. Wu 1995, Fernandes et al. 2001) and over the years,
measures have been taken in order to reduce the potential impacts on the
coastal system (Scottish Executive, 2003). However, aquaculture is not
the only activity that can potentially impact enclosed coastal waters. Many
other activities, including industrial and agricultural practices, should be
taken into consideration when assessing environmental quality. In many
cases, agricultural drainage accounts for fifty percent of the total nitrogen
and phosphorus inputs to the considered sea loch (Forsberg, 1995).
Aquaculture development has increased substantially in most European
countries over recent years (Fernandes, Miller & Read, 2000). In the UK,
the industry is centred in the north and west of Scotland. Many of the fish
farms are situated on the west coast or islands, in ordic sea-lochs
(Scottish Executive, 2003). The environment in such lochs is apparently
ideal: unpolluted with deep, sheltered water, high dissolved oºq/gen
concentrations and a wide range of water temperatures. However, these
ideal location features compound the problem concerning sh farm waste.
The water movement is limited in sea lochs and the tidal currents can be
weak. This, in addition to a sometimes important freshwater input, tends to
induce stratification in lochs and so reduces the dispersal of waste
(Landess & Edwards, 1976). `
As phytoplankton growth is usually nitrogen-limited in coastal waters
(Ryther & Dunstan, 1971), anthropogenic nitrogen ux may lead to
eutrophication with consequences including increased abundance of
phytoplankters, and shifts in species composition potentially leading to
increased frequencies of harmful algal blooms (HABs) (Gillbricht 1988).
increased production of phytoplankton organic matter may increase the
input of mineralisable organic matter to the lower part of the water column
or seabed. The resulting decomposition may use much oxygen, so that the
bottom layer may become anoxic (Pearl, 1988). Such conditions are not
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viable for the higher trophic levels of the ecosystem and a reduction in sh
and macro-invertebrate biomass and diversity can occur.
The understanding, assessment and management of such disturbances
are key issues towards the sustainable management of coastal and
marine resources (DEFRA, 2004a and 2004b). Although a lot of research
as been carried out on different aspects of coastal water quality, there is
now a need for a wider-scale, ecosystem approach to the subject
(ECASA, 2004). The interpretation of long term data sets and simple
mathematical modelling are two basic tools which can help towards a
better understanding and therefore better management of coastal waters.
1.1.2. Aims
This research project focused on organic enrichment and nutrient status,
without taking into consideration any other chemicals. Different methods
can be used for the assessment of the trophic status of a water body.
They usually include analyses of biological characteristics (bacteria,
phytoplankton, protozoa, zooplankton), chemical characteristics (dissolved
nutrients, dissolved oxygen, pigments, particulate organic matter) and
physical characteristics (temperature, salinity, turbidity) of the considered
system. However, no method has yet been created for the assessment of
the assimilative capacity of a water body.
The three aims of this study were:
1. To compare the status of the pelagic system observed in the 1970s to
the one observed in the 2000s in the study sea loch by studying a variety
of physical, chemical and biological water properties.
2. To design an accurate, but simple, two dimensional dynamic model of
the pelagic system of a Scottish sea loch derived from the work of the
CSTF (Tett et al., 2003), focusing on nutrients and chlorophyll. The
specic aims of the model are presented in Chapter 5.
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3. To propose a method for the estimation of the assimilative capacity for
nutrients at the chosen study site.
1.1.3. Objectives and working hypotheses
ln order to achieve the principal aims of the study, the following objectives
were set up:
1. To obtain historical microplankton data from the available literature.
2. To obtain current microplankton data from observational work carried
out at the study site.
3. To have all the microplankton data (historical and recent) digitalised
4. To develop a Matlab script set up for the extraction of the phytoplankton
data.
5. To compare the microplankton communities data in terms of diversity,
abundance and biomass.
6. To obtain a good set of historical data (including quality time-series) for
the design of the mathematical model.
7. To digitalise all the other historical data
8. To process all the historical data needed for the set up of the
mathematical model
9. To design a basic mathematical model, as well as a number of variants
from lt.
10. To obtain a good set of current data (including time-series) through
obsenational work at the study site in order to test the mathematical
model.
11. To assess the goodness of t of the developed mathematical models.
12. To compare the output of the different variants of the model.
During this study, the following hypotheses were tested:
1. The water properties of the chosen study site have not changed over
three decades.
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2. The goodness of t between simulations and observations is good and
the model is therefore an accurate description of the study site.
1.2. Estuarine and coastal systems
ln this chapter, unless othenrvise stated, the term estuaries is used as a
general concept incorporating ords and other coastal bodies, where there
is an interface between fresh and salt water.
1.2.1. Physico-chemical description
Estuaries are dened by Barnes (1984) as:
Regions containing a volume of water of mixed origin derived partly from
a discharging river system and partly from the adjacent sea, the region
usually being partially enclosed by a land mass"
Most estuaries are extensively used for human activities and are usually
areas of dense populations. The importance of estuaries to anthropogenic
activities is partly due to their highly dynamic nature. Their hydrological
regime, with the combination of rapid salinity uctuations, high water
energy and the pattern of sediment suspension and deposition, are major
factors in the geochemical uxes of many elements in the system.
Through their action, various substances are both removed from and
renewed into the system. Estuarine environments are characterised by a
number of physico-chemical properties well described by Barnes (1984)
and summarised below.
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Saliniy:
Estuaries are transition zones between fresh and marine water, and
therefore a gradient of salinity naturally tends to form in these regions.
However, many factors will influence the aspect of this gradient through
mixing: density differences between fresh and saltvvater, topography,
relative volumes of the participating waters, Coriolis forcing and hydrology
are examples. Salinity plays a major role in the estuary's mixing process.
At the head of the estuary, where the freshwater input is important, a
hyaline stratication can occur, due to the difference in density between
freshwater and saltwater.
Substrata:
The details of sedimentation processes are complex in estuaries and
depend on the combination of many factors such as geology, topography
and hydrography. Silt particles are present in suspension in most rivers.
When they reach the estuary, the high concentration of cations present in
saltwater tend to cause them to flocculate. Although flocculation induces
the sinking of most of the particles, the presence of freshwater outow can
lead to a process of re-flocculation I de-flocculation responsible for the re-
suspension of the material. In addition, the sediments tend to act as a sink
for many materials and, through the decomposition of organic matter, play
a major role in the energy flow through the system, both directly and
indirectly, with the release of nutrients for primary production (Knox, 1986).
Particulate organic matter:
Given their specic dynamics and salinity fluctuations, estuaries allow the
settling out of particulate organic matter, and thus are efficient detritus
traps". The detritus can have various origins, either being swept out by the
tides, originating from salt marshes or mangrove-swamps along the
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coastline, or transpoted downstream by rivers. As the light penetration in
the estuary can be limited by its highly dynamic nature (permanent re-
suspension of particulate matter), the abundance of detritus may be of
great significance as an alternative primary food source for the local food
chain.
Hydrology:
Due to the fact that they are semi-enclosed systems, wave action is limited
in estuaries. However, the diverse physico-chemical properties presented
above can sometimes induce strong Iayering, strong water circulation or
an alternation of these two extreme conditions in the system.
The role of tides is also particularly important in the mixing process, as
each tidal cycle will induce some degree of mixing, which varies according
to the properties of each estuary.
Chemical composition of the water:
Estuaries usually present a particular chemical composition because of
the mixing of two different masses of water. The proportion of inorganic
ions is different for fresh and salt water and the elemental form is usually
different also. ln estuaries, both the form in which chemical elements
occur and the total amount present depend upon the freshwaterlsaltwater
ratio of the water body.
Temperature:
The shores of estuaries are subject to wide fluctuations in temperature
when exposed at low tide and this can be transmitted to the main water
body.
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Oggen demand:
Microbial decomposition of the large quantities of detrital material in the
sediments exerts a high oxygen demand on the interstitial water. As this
oxygen cannot be replaced quickly, the bed of an estuary is very often
hypoxic or anoxic.
1.2.2. The case of ords (sea lochs)
According to the Penguin Dictionary of Geology (\Nhitten & Brooks, 1972),
ords are:
Long, steep-sided coastal inlets which have been developed as a result of
intense glaciation of a previously existing river system in a mountainous
area near the sea. Valleys were rst guided, and then over-deepened, by
ice, until in many cases, the oors were well below sea level. "
The landward end of tjords is commonly called the "head" and ords
typically have a threshold (sill") at their seaward end (mouth"). Some
fjords present several basins, each separated from the next one by a sill
(Whitten & Brooks, 1972).
Fjords are a particular type of estuary, characterised by their distinctive
geological and hydrological features which impact on many aspects of
their biogeochemistry (Barnes, 1984).
Saliniy:
The salinity gradient in ords can present complex features according to
the geomorphology of the body of water considered. Some ords are
composed of several basins and a strong horizontal salinity gradient can
be obsened from the innermost basin to the outer (Burton, 1976).
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However, within the inner basin, the vertical gradient is more likely to be
dominant (Kennish, 1986). The sill at the mouth of the basin limits
horizontal water exchanges but the input of freshwater at the head can
lead to an important vertical stratication.
Substrata:
Sedimentation can be a relatively fast process in ords because of
reduced water exchanges (NRC, 2000). However, internal mixing usually
leads to the partial re-suspension of deposited matter (Kennish, 1986).
Particulate organic matter:
Fjords can also be considered as good detritus traps". The particulate
organic matter originates mainly from freshwater and direct discharge in
the environment, but the contribution of tides is not negligible and must be
taken into consideration.
Oxygen demand:
ln the case of ords, oxygen demand can be greatly increased by
anthropogenic activities (Barnes, 1984). Reduced water exchanges at the
mouth, as well as a strong vertical stratication tend to limit the renewal of
oxygen in the lower layer of the basin (Kennish, 1986).
Hydrology:
Patterns of water circulation in a ord are very complex and only an
overview can be presented here. However, the patterns described in this
section are general features that can be applied to virtually any ordic
system.
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ln Norwegian terminology, a tjord proper has a sill that is sufciently deep
to allow a two-layer circulation to exist above it, whereas a poll has a
shallow sill (Matthiews & Heimdal, 1980). ln this thesis, the generic term
t]ord" is used to designate both ords and polls unless otherwise
specied.
Freshwater entering at the head of ords drives an estuarine circulation, in
which near-surface water ows towards the sea (Tett & Edwards, 2002).
As freshwater is less dense than salt water, the freshwater entering the
sea tends to ow over the top of the salt water. This gives rise to the
patterns of vertical circulation typical of fjords. Figure 1.1. shows the
complex water circulation occurring (a) in a poll and (b) in a deep ord.
Within the two upper layers is an estuarine circulation driven by river
inow. Because of the sill, surface layeroutow only takes place on the
ebb tide. During the flood tide, water entering from the sea (denser water)
sinks to the middle of the ord. lt subsequently becomes entrained into
(and thus mixed with) the surface layer. Underneath is a layer of deep
water that may stagnate for weeks or months and become depleted of
oxygen.
Complete mixing of the ord can occur and is generated by a change in
density of the upper layer. The change in water density in such systems is
controlled either by temperature (usually by the absorption of solar
radiation in the upper few metres) or by the input of freshwater at the head
of the ord (Tett & Edwards, 2002). The tendency of fjords to stratify from
these causes is compensated by stirring forces, like wind-drag at the
surface, tidal current or river ow friction at the bottom of moving water or
internal motion (Cottier et al., 2004). Strong mixing (also called
overturning" or convective mixing") can also be caused by an important
cooling of supercial water: the colder water, being denser, sinks to the
bottom of the system and a total mixing of the water body results.
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Another important parameter in the water dynamics of ords is the
exchange rate. The exchange rate was defined by Tett et al. (2003) as:
the instantaneous probability that any small packet of water, containing
salt, nutn'ents and phytoplankters, will be lost from the [ord] to the sea
and replaced by a packet of the same volume but having a different
content of salt, nutn`ents and phytoplanktersâ
This is usually calculated using Ofcer's method (Ofcer, 1976) involving
the conservation of salt. The exchange rate is related to the flushing time
(also called residence time"), calculated as the ratio of the loch volume to
the tidal flow rate. Fjords tend to have lower exchange rates and smaller
flushing times than open estuaries because they are semi-enclosed
environments. Exchange rates and ushing times vary greatly from one
ord to the other, depending on the typical water dynamics of the site. A
fjord with a short flushing time is less at risk of serious accumulation or
retention of soluble contaminants (Davenport et al., 2003) and are
therefore less prone to eutrophication than a f]ord with a long flushing
time.
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Figure 1.1. Typical patterns of vertical circulation in (a) a poll and (b) a deep ord
(adapted from Tett & Edwards, 2002). The blue dotted lines represent typical isohalines
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The impact of environmental changes (either natural or anthropogenic) on
an ecosystem depends on three main intrinsic characteristics of the
system: sensitivity, adaptability and vulnerability. These three notions are
dened by the United Nations Environmental Programme (UNEP) & World
Meteorological Organisation (\NMO) (1996) as follows. The sensitivity of a
water body is the:
Degree to which a system will respond to a change in environmental
conditions (e.g. extent of change in ecosystem composition, structure and
functioning)
Its adaptability is the:
"Degree to which adiustments are possible in practices, processes, or
structures of systems to projected or actual changes of environment
factors".
F inally, its vulnerability is the:
Extent to which environmental changes may damage or ham a system. It
depends on a system's sensitivity and ability to adapt to new
environmental conditions".
Due to the characteristics presented above, ords can be very sensitive
areas. This is principally due to their sheltered situation and limited wave
action acting on them, which means that the exchange rate can
sometimes be greatly diminished compared to more open areas, thus
making them more prone to the accumulation of pollutants leading to
eutrophication and other pollution related problems. These features have
made ords ideal natural harbours and, consequently, the growth and
modern concentration of population and industry is to be found around
many of them (Barnes, 1984, Elliott & McLusky, 2003). The discharge of
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efuent from these urban and industrial centres and the reclamation of
land to provide additional sites for development, have greatly increased
the pollution to these sites. For the same reasons, tjords do not tend to be
very adaptable and environmental changes are likely to have long term
impacts on water quality properties. A combination of high sensitivity and
low adaptability make semi-enclosed environment very vulnerable to
environmental changes, especially if their ushing time is long.
In the case of tjords, an estimation of the relative sensitivity depends
strongly on the exchange rate and could be obtained, for example, for
Dissolved Available lnorganic Nitrogen (DAIN), using the following
equation (Tett, unpublished work):
Sensitivity = Si I EV (in kmol DAIN / million of m3)
Where: Si is the riverine and direct discharge of nutrient input (in
kmol DAIN /day),
E is the exchange rate of the fjord (in I day), and
V is the total volume of the water body (in millions of m3).
The highest the ratio, the smallest the rate of dilutionldispersion of
nutrients, and the highest the sensitivity of the water body. This
assessment is purely based on freshwater load and the capacity of the
water body to dilute (volume) or disperse (exchange) that load. lt doesn't
take into account any other variables like direct discharges and runoff or
the biology of the system.
1.2.3. The importance of biological factors
Due to the characteristics presented above, estuaries can present a wide
range of specic habitats and the biological diversity tends to be quite high
(Perkins, 1974). This also makes them quality nursery habitats for a large
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number of species. Estuaries are also highly dynamic biologically, and are
areas of naturally high productivity. This is due, in part, to hydrodynamic
factors, including freshwater input of nutrients, but principally to the
system's ability to trap and release nutrients (Kennish, 1986).
Transformation and speciation are largely biologically mediated: the rate at
which nutrients are made available depends on the degree and type of
bacterial activity in the sediments. This high primary productivity can be
passed up to the system, with the result that estuaries support a high yield
of living biomass (Little, 2000). As a consequence of all this activity, the
estuary assumes an importance to the marine environment. Not only does
it act as an important mediator of man's impact on the sea, it also acts as
a focus for many of the coastal processes, including biogeochemical
cycling, energy ow and stock recruitment (Barnes, 1984).
In the case of ords, the water movement is more limited and the tidal
currents can be weak compared to an open estuary. This, in addition to a
sometimes important freshwater input, which may induce stratication in
ords and therefore may reduce the dispersal of waste. Moreover,
increased anthropogenic nutrient additions to coastal waters potentially
introduce both organic and inorganic nutrients to the marine environment.
Such perturbations have the potential to modify total nutrient
concentrations and ratios, as well as inorganic/organic stoichiometry,
particularly in areas of restricted exchange such as ords. This may modify
planktonic and bacterial production and the rate of competition for
nutrients between andlor within these two groups, leading to changes in
species density and community composition. Particularly important is the
nitrogenlsilicate ratio which can potentially have major impacts on the
phytoplankton community, with a shift from a diatom-dominated bloom to a
flagellate-dominated bloom (Gillbricht 1988). Thus, the diatom/flagellate
ratio (i) could be a good indicator of the trophic status of a water body,
and a number of studies have been carried out in this field (Shöllhorn &
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Granéli 1996, Escaravage et al. 1999, Duarte et al. 2000a, Duarte et al.
2000bl
1.3. Anthropogenic activities and their potential
impacts
1.3.1. Uses of coastal areas
Human activities have particularly strong impacts on the nitrogen cycle.
Thus, sewage discharge and agriculture practices (soil erosion, fertiliser
runoff) increase the amount of nitrogen input either into the oceans directly
or through freshwater inow. Other nutrients, such as phosphorus can also
have their concentrations greatly increased due to anthropogenic
activities. For example, agriculture, aquaculture, domestic sewage and
industry all input large amounts of phosphorus into UK coastal waters.
However, in UK coastal water, nitrogen tends to be the limiting nutrient for
the growth of phytoplankton and phosphorus enrichment tends to have
little impact on the global biological quality of the water (Ryther & Dunstan,
1971).
lncreased anthropogenic input of nutrients may lead to eutrophication. As
primary productivity in the marine environment is mainly limited by
nitrogen, nutrient enrichment is indeed responsible for the induction of
algal blooms (Commission on Geosciences, Environment and Resources
& Ocean Studies Board, 2000). These blooms are potentially harmful
through different processes. Directly, they can cause bivalve and fish kills
or be toxic to humans. lndirectly, they can change the environmental
conditions in the tjord and, consequently, reduce the diversity of the
ecosystem. lndeed, at the end of the bloom, algal cells die and are quickly
degraded through bacterial decomposition. This process requires much
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oxygen and the bottom layer might thus become anoxic. Such conditions
are not viable for the higher trophic levels of the ecosystem and a
reduction in sh and macro-invertebrate biomass and diversity can
happen. A full discussion of nutrient enrichment and eutrophication will be
presented in section 1.4.1.
Other impacts linked to the use of the estuary, particularly those affecting
the nitrogen cycle, are further described in the following four sections.
Aguaculture
There are two different types of aquaculture: shellsh culture and nsh
culture, and they have different impacts on the coastal environment. This
study will concentrate mostly on nsh culture. Finsh culture usually
generates more impacts on coastal ecosystems.
ln general, the potential impacts of aquaculture are wide ranging, from
aesthetic aspects to direct pollution problems (O'Sullivan, 1992). Marine
aquaculture operations and the associated infrastructure can impact on
scenic areas. lndeed, even though sh cages and bivalve long lines are
not particularly prominent in a coastal landscape, a series of small scale
developments can quickly make a disproportionately much larger visual
impact. Likewise, a single development located in a landscape valued for
its scenic quality, may compromise the aesthetic value of the site (Grant,
2000). Moreover, sh farming continuously generates large amounts of
organic waste as uneaten food, faeces and excretory products, which may
cause localised hypernutrication, possibly leading to eutrophication
(Gowen et al. 1988, Ackefors & Enell 1994, Wu 1995, Axler et al. 1996,
Kelly et al. 1996). Moreover, it may be a source of contamination of the
coastal ecosystem through the utilisation of chemical substances such as
pesticides, fungicides, antibacterial agents and antifoulants. There may
also be unwanted effects on wild populations such as genetic disturbances
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(Crozier 2000, Fleming et al. 2000) and disease transfer by escapees or
ingestion of contaminated waste (Heggberget et al. 2001).
Fernandes et al. (2001) stated that direct outputs from aquaculture could
be classified in three main categories: aquaculture production (seasonal
discharge), farm activities and medication (both periodic discharges). Each
category will behave differently once released in the system according to
their physical and chemical properties. For instance, dissolved products
may fom a film on the surface of the water (Black 2001) whereas
particulate matter will tend to sink to the bottom of the water body at a rate
that depends on the size of the particles and the characteristics of the
environment.
Wu (1995) underlined the fact that environmental impacts of sh farming
depend very much on species, culture methods, hydrography of culture
site, feed type and husbandry practices. However, the general picture
emerging from studies in this eld indicates that the major impact is on the
seabed and, to a lesser extent, on water quality. Nevertheless, the
sustainable development of aquaculture is possible if appropriate
management techniques are used and adapted to each individual site
according.
Shipping and industry
In Scotland, industry tends to be concentrated on the coast and in the
whole of Britain, most of the major areas for new investment in the
chemical industry have coastal or estuarine sites. Oil reneries and
nuclear/oil-red power stations are similarly concentrated in these zones.
This is partially due to the saving on transport costs but another factor is
that many of these industries need cooling water. Consequently, people
move towards these industrial sites and this, coupled with a general
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increase in population, considerably increases the demand for land as well
as the amount of discharges to the coast
Discharges in the estuary
An important component of the discharges in estuaries is sewage coming
from nearby towns. However, many estuary-based industries discharge a
variety of products potentially harmful to the environment including:
suspended solids, oil, organic waste, hot water, toxic chemicals,
radionucleides, organochlorine compounds and heavy metals.
Discharges into coastal waters can be of direct or diffuse sources. Direct
sources are also called point source discharges as their origin is localised.
They include sewage output, industry output and aquaculture. Diffuse
sources are also called non point sources discharges as their origin is
spread over the water body or even the whole catchment area. They
include shipping, agricultural runoff and atmospheric pollution.
1.3.2. Legislation in place
The implementation of sustainable management in coastal areas is guided
by a number of pieces of legislations. These laws and regulations offer a
framework for the study of coastal and estuarine processes and the
development of new management tools. The following section will give an
overview of the main international, European and national laws relevant to
this study.
International law
The United Nations Convention on the Law of the Sea (UNCLOS) was
adopted on 10 December 1982 and came into force on 16 November
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1996. The Convention establishes a comprehensive legal regime covering
all aspects of the seas and oceans. These include:
ø Universally agreed limits on the territorial sea, contiguous zone and
the exclusive economic zone, and the continental shelf
o Regimes of innocent passage through the territorial sea, transit
passage through straits used for international navigation, and
archipelagic sea lanes passage through archipelagic waters
ø A framework for conservation and utilisation of the living marine
resources
ø A new regime for the deep seabed beyond national jurisdiction
o New rules for the protection and preservation of the marine
environment from pollution
o New rules on marine and scientic research
0 A peaceful settlement of disputes concerning the interpretation and
application of the provisions of the Convention
With regard to sheries, the Convention establishes a regime for the
conservation and management of sheries resources, on the basis of the
area they occupy (i.e. internal waters, archipelagic waters and territorial
seas, exclusive economic zones, continental shelf areas and high seas) or
the types of sh stocks that occur in them (i.e. straddling stocks, highly
migratory species, marine mammals, anadromous stocks and
catadromous species). States are required to conserve and manage living
marine resources in the areas that are within their jurisdiction or the areas
over which they exercise sovereign rights. States are also required to
cooperate to conserve and manage specic stocks, particularly straddling
sh stocks and highly migratory species, without prejudice to the rights of
the coastal state where such stocks occur. There are varying degrees of
rights and duties of states, with respect to the conservation and
management of sheries resources as well as the factors that have to be
taken into account in the different regimes. However, the common basic
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principle of conservation and management of sheries resources is that
the allowable catch should be determined, and that consenation
measures should be adopted to maintain (or restore) populations of
harvested species at levels which can produce a maximum sustainable
yield.
The EC Water Framework Directive:
The EC Water Framework Directive came into force on 22 December 2000
and was transposed in the UK in 2003. lt establishes a new, integrated
approach to the protection, improvement and sustainable use of Europe's
water bodies.
The Directive introduces two key changes to the way the water
environment must be managed across the European Community (UKTAG,
2007). The rst relates to the types of environmental objectives that must
be delivered. Previous European water legislation set objectives to protect
particular uses of the water environment from the effects of pollution and
to protect the water environment itself from especially dangerous chemical
substances. These types of objectives are taken fonvard in the Directive's
provisions for Protected Areas and Priority Substances respectively.
However, the Directive also introduces new, broader ecological objectives,
designed to protect and, where necessary, restore the structure and
function of aquatic ecosystems themselves, and thereby safeguard the
sustainable use of water resources. The second key change is the
introduction of a river basin management planning system. This is the key
mechanism for ensuring the integrated management of groundwater,
rivers; canals, Iakes, resenoirs, estuaries and other brackish waters, and
coastal waters, as well as the water needs of terrestrial ecosystems that
depend on groundwater, such as wetlands.
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The planning system provides the decision-making framework within which
costs and benefits can be properly taken into account when setting
environmental objectives and proportionate and cost-effective
combinations of measures to achieve the objectives can be designed and
implemented. lt also provides new opportunities for anyone to become
actively involved in shaping the management of river basin districts -
neighbouring river catchments, together with their associated stretches of
coastal waters.
The EC Urban Waste Water treatment Directive:
The Urban Waste Water Treatment Directive was adopted by the EU
Council of Ministers in May 1991 and was passed into domestic UK
legislation in November 1994. The purpose of the Directive is to protect
the environment from the adverse effects of urban wastewater discharges
and discharges from certain industrial sectors. lt lays down uniform
emission standards, or percentage reductions in pollutant concentrations,
for discharges from sewage treatment works serving a population
equivalent (p.e.) of 2,000 or more.
Under the Directive, secondary treatment is normally required for all
significant discharges - that is, for all those sening more than 10,000 p.e.
to coastal waters and all those serving more than 2,000 p.e. to estuaries
or inland waters. For discharges below these thresholds, the requirement
is for "appropriate" treatment which will allow the receiving waters to meet
the relevant quality standards. Discharges into areas designated as
'sensitive' will require more stringent treatment than secondary treatment,
for example the removal of nutrients (such as nitrogen and phosphorus).
Receiving waters are classied as:
o Normal
ø Sensitive areas
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ø Less sensitive areas, called high natural dispersion areas (HNDAs)
in the UK
The Directive requires that a body of water be identied as 'sensitive' if:
o lt is eutrophic (or is at risk of becoming eutrophic if not protected).
o Drinking water is abstracted which could, if action is not taken,
contain a greater concentration of nitrate than allowed by the
Surface Water Abstraction Directive
o lt requires further treatment than prescribed by the Urban Waste
Water Treatment Directive to fulll other Directives.
The designation of bodies of water as 'sensitive' and 'less sensitive' areas
was rst carried out in 1994.The Directive requires the designation of
these areas to be reviewed at least every four years.
Other European and international legislations and policies
European policy and legislation covers many environmental aspects of
water quality. The pieces listed below, in a non-exhaustive manner, are
relevant to the marine environment.
Shellsh waters: The European Community Shellsh Waters Directive
79/923/EEC, was adopted in 1979 to protect and, where necessary,
improve the quality of waters where shellsh grow and to contribute to the
high quality of directly edible shellsh products
Water suitable for sh breeding: Council Directive 78/659/EEC of 18
July 1978 on the quality of fresh waters needing protection or
improvement in order to support sh life.
Barcelona Convention on the protection of the Mediterranean Sea:
Council Decision 77/585/EEC of 25 July 1977 concluding the Convention
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for the protection of the Mediterranean Sea against pollution and the
Protocol for the prevention of the pollution of the Mediterranean Sea by
dumping from ships and aircraft.
Helsinki Convention on the protection of the Baltic Sea: Council
Decision 94/156/EC of 21 February 1994 on the accession of the
Community to the Convention on the Protection of the Marine Environment
of the Baltic Sea Area 1974 (Helsinki Convention).
Paris Convention on the protection of the marine environment of the
Northeast Atlantic: Council Decision 98/249/EC of 7 October 1997 on the
conclusion of the Convention for the protection of the marine environment
of the northeast Atlantic (Paris Convention).
Oslo Convention: The 1972 Oslo Convention for the Prevention of
Marine Pollution by Dumping from Ships and Aircraft.
OSPAR convention: The 1992 OSPAR Convention for the Protection of
the Marine Environment of the North-East Atlantic. The 1992 OSPAR
Convention replaced both the 1972 Oslo Convention and the 1974 Paris
Convention when it came into force 9 February 1999.
Accidental marine pollution: Decision No 2850/2000/EC of the
European Parliament and of the Council of 20 December 2000 setting up
a Community framework for co-operation in the eld of accidental or
deliberate marine pollution
Oil pollution damage occurring in European waters: Proposal for a
Regulation of the European Parliament and of the Council of 6 December
2000 on the establishment of a fund for the compensation for oil pollution
damage in European waters and related measures
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Discharges of Nitrates Directive: Council Directive 91/676/EEC of 12
December 1991 concerning the protection of waters against pollution
caused by nitrates from agricultural sources.
National law
National law is bound to the European policies. Thus, each European
directive must have a corresponding piece of legislation in the national
legislation of all the member states. In Scotland, the Scottish Government
has created regulations, or drivers", which should insure the application of
the European directives at a national scale. These are listed below in
relation to their source (Table 1.1.).
Table 1.1. European Directives and corresponding Scottish Regulations.
European Directive Scottish law
Water Framework Directive Water Environment and Water
Services (Scotland) Act 2003
Urban Waste Water Treatment
Directive
Urban Waste Water Treatment
(Scotland) Regulations
Bathing Water Directive Bathing Water (Classication)
_(Scotland) Regulations 1991
Shellfish Waters Directive Surface Water (Shellsh)
(Classication) (Scotland)
Regulations 1997
Sludge Use in Agriculture Directive Sludge (Use in Agriculture)
Regulations 1989
Surface Waters Dangerous
Substances Directive
Surface Waters (Dangerous
Substances) (Classication)
(Scotland) Regulations 1992
Surface Waters (Dangerous
Substances) (Classication)
(Scotland) Regulations 1998
1.4. Detecting environmental changes and taking
acon
1.4.1. Current management practices
Pollutants discharged into the system will have different impacts according
to their type and quantity. The dispersionldegradation processes will also
be more or less efcient depending on the type of pollutant. To illustrate
this point, the Water Framework Directive (EC, 2000) differentiates
between "natural" pollutants (i.e. substances naturally occurring in the
environment, but whose concentrations can be increased by
anthropogenic activities, such as "substances which have an unfavourable
inuence on the oxygen balance" - nutrients, particulate organic matter),
and unnatural" pollutants (i.e. substances not naturally occurring in the
environment, but present in the water through discharge from
anthropogenic activities, such as biocides and plant production productsâ
or metals", although these might also occur naturally). Thus,
concentrations of "natural" pollutants can be reduced through both
dispersion and degradation, whereas unnatural pollutants tend to stay in
the environment for a longer period of time as only the dispersion process
occurs.
General principles
Given the importance of coastal areas for the settlement of populations
and their activities and therefore the potential for environmental
degradation, the management of the coast has become a high priority.
This definition of coastal management given by Carter (1988) underlines
the main management principles that should be applied to any system:
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The paramount objective of coastal management is to devise a
framework [_ . .] which can provide a sustainable utilisation of coastal
resources. Thus, effective managers should aim at balancing cause and
effect, but remain alert to change and have the skill to adjust. â
Coastal zone management can basically be subdivided into three main
areas: policy, planning and practice. Policy relates to the political and
administrative framework through which coastal management is regulated
either by legislation or education or a combination of both. Planning is the
process of resource allocation - environmental, ecological, social or
economic. Practice covers the techniques needed for the implementation
of planning decisions or for undertaking restorative or remedial work. O
course, these three areas evolve in a feedback loop as further planning or
policy decisions are taken according to the results obtained at the rst
stage of management.
The case of nutrient enrichment and eutrophication in coastal waters
Nutrients such as nitrogen and phosphorus are essential to support life
and are naturally 'cycled' within the environment, but the balance of these
cycles can be disturbed by the addition of extra nutrients. This addition
can have natural causes, like the gradual decay of plant and animal
material, or anthropogenic causes, like the oversupply of nutrients in
fertilizers (especially from livestock manures), the discharge of nutrients to
water (through sewage or industry waste) and the deposition of nitrogen
compounds emitted to air (SEPA, 2006). Elevated levels of nitrogen and
phosphorus may lead to eutrophication.
One of the principal effects of the enhanced concentrations of nutrients is
a massive growth in primary productivity. This may be shown in the growth
of macroalgae, but more typically in increases in phytoplankton
abundance. This can have a number of consequences, including: red
tides, water discoloration and foaming (Lancelot et al., 1987), increased
27
biomass, which may give rise to extra Biological Oxygen Demand (BOD)
and hence increased removal of oxygen in enclosed waters (Tett et al.,
1986; Larrson et al., 1985), shifts in species composition as the ratio of
N:Si increases (Gillbricht, 1988), and toxicity (Jones et al., 1982). Such
change may have adverse effects on the whole ecosystem. For this
reason, the word eutrophication usually have a negative connotation, but
the fact that a system is classied "eutrophic" does not necessarily imply
that undesirable disturbances will result: some coastal areas, like the ones
in upwelling regions, are naturally eutrophic (Tett et al., 2003).
The Urban Waste Water Treatment Directive (EC, 1991) defines
eutrophication as:
The enichment of water by nutn'ents especially compounds of nitrogen
and phosphorus, causing an accelerated growth of algae and higher fonns
ofplant life to produce an undesirable disturbance to the balance of
organisms and the quality of the water concemed. â
The directive does not however specify how to measure the impact of
nutrient input in the system. The UK Comprehensive Study Task Team
had therefore to provide an operational denition of eutrophication and
gave 10 mg chl. m'3 as an Environmental Quality Standard (EQS) for
coastal waters (CSTT, 1997). They suggested that a water body should be
considered "eutrophic" if chlorophyll frequently exceeds this level during
the summer months.
ldentifying a water body as subject to eutrophication may have legal and
economic consequence, simply because the Urban Waste Water
Treatment Directive will impose more expensive waste water treatment
before discharge. However, the eutrophic status of the water body can,
under certain circumstances, benet the whole ecosystem as the algal
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bloom generated by increased nutrient concentrations can be benign,
simply providing food for zooplankton and hence for fish.
1.4.2. The notion of assimilative capacity
One of the objectives of environmental management is the ideal allocation
of resources which result in an optimal output. ln this context, a multitude
of approaches is used, which aim to estimate the best use of
environmental resources which does not impair general environmental
quality. The concepts of carrying capacity, assimilative capacity and
environmental capacity are widely used in this context. These three
notions are often associated and are used to dene various ideas.
However, when related to environmental management, it is important to
give a clear denition of each of them and to underline the difference in
their concept.
The carrying capacity of a given area is dened in The Encyclopaedia of
Ecology and Environmental Management (Calow, 1998) as:
The maximum number of organisms of a given species
that can be supported in a given habitat or geographic area."
However, this denition has many limitations, and since it was rst
proposed, a number of scientists underlined the fact that the carrying
capacity k is derived from the logistic growth curve of a population
(theoretical growth pattern in a stable, enclosed environment) and so,
could not be applied at the scale of the ecosystem (Arnquist & Wooster,
1995). Even if the debate is still open about the definition of such a notion,
many biologists agree nowadays on a wider denition of the carrying
capacity:
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"Canying capacity for a given population is considered to be the Iimiting
size of that population that can be supported by an ecosystem over a
period of time and under a given set of environmental conditions."
(Amquist & Wooster, 1995)
However, yet again, it appears that this revised denition is too theoretical,
restricted to certain types of fairly enclosed ecosystems and does not take
into consideration the changes over time of environmental parameters.
The carrying capacity refers to animals and their maximum size (number
of individuals N or biomass B). Moreover, the problem with carrying
capacity is not only about its measurement alone but also about how to
achieve this measurement: this idea was very much applied in the context
of this thesis.
The notion of assimilative capacity tends to refer to abiotic parameters and
appears to be more objective in the sense that it is a more measurable
characteristic of a system when assessed in relation to a specic activity. lt
has been proposed for many years as a policy tool to control waste
discharges to the marine environment (Stebbing, 1992). The United
Nations Environment Programme's Group of Experts on Scientific Aspects
of Marine Pollution (GESAMP, 1986) dened it as:
A property of the environment dened as its ability to accommodate a
particular activity or rate of activity without unacceptable impact."
The assimilative capacity refers to the ability of a water body to absorb
and dilute waste or to quickly recover from the effects of a damaging
activity such as dredging. lt is a property of an environment. The
acceptance of this denition implies two main assumptions (Richards et
al., 2000). The rst one is that a certain quantity of waste can be absorbed
by a system without inducing any unacceptable" change to this system.
The second is that this quantity of waste can be measured.
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However, with this denition, another question needs to be answered: To
what extent can an impact be considered as acceptable'?". Two meanings
could be attributed to this notion. Acoeptable could mean not impairing
the sustainable use of an area", in which case limit values, or "standards"
for a variety of chemicals can and have already been set by some
governmental organisations such as the Scottish Environment Protection
Agency (SEPA) through the Control O Pollution Act (COPA), the EC
Dangerous Substance Directive or the EC Water Framework Directive.
These are not comprehensive but cover a wider range of substances.
Furthermore, acceptable can also mean without a deterioration of the
ecological and chemical quality status of the water body", in reference to
the Water Framework Directive (EC, 2000). ln this case, the
implementation procedure is still to be carried out and the notion of
acceptable impacts has still to be dened. This will be further discussed
in Chapter 9. lt is particularly important to distinguish between theories
and what has actually been done in this work. Figure 1.2. presents the
approach to the denition of undesirable disturbance that was used in this
work.
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Figure1.2. The three types of impacts generated by ecosystem disturbance.
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The ecosystem state represents a parameter, or a group of parameters
chosen as indicator(s) of the health of the ecosystem considered. The
threshold of the ecosystem state is the standard, or limit value below
which the deterioration of the ecosystem state is considered as
unacceptable. A disturbance of the ecosystem can generate three types of
impacts, presented below.
A type 1 impact would be a serious impact which leads the ecosystem
state to fall below the threshold and which does not recover within a
certain time step. A type 2 impact would be a serious impact which leads
the ecosystem state to fall below the threshold but which can recover
within a certain time frame. A type 3 impact would be a minor impact which
does not lead the ecosystem state to fall below the threshold. ln this
context, a disturbance to the ecosystem generating a type 1 impact would
be considered as an undesirable disturbance.
Such a broad denition of undesirable disturbance would be particularly
useful if it could be used for a range of parameters; the key elements to
take into consideration would be the denition of the threshold and the
time frame for each parameter or group of parameters.
The concept of environmental capacity is strongly linked with the notion of
assimilative capacity discussed before. The following statement was
provided by the Government of New Zealand (2002):
"Originally coined in the 1960s, the tenn "environmental capacity' is
becoming more frequently used in the Iexicon of sustainable
environmental management, recognising that the environment has a
Iimiting, nite capacity to handle discharge ofpotentially polluting
substancesâ
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Thus, the environmental capacity is the measurement of how much
waste" a water body is able to absorb and dilute, and therefore how much
of an activity it can accommodate without unacceptable" damage to the
environment. The link with the assimilative capacity is very clear in this
denition. The environmental capacity appears to be a quantication of the
assimilative capacity, which is a property of a specific environment or area.
To conclude, the concept of carrying capacity tends to relate to the
management of populations in a specic environment and therefore refers
mainly to ecological aspects, but can sometimes be linked to exploitation,
as in the case of bivalve population management, for example. The other
two concepts are more related to the management of human activities.
1.4.3. Using community-based indicators
Ecological indicators are parameters used to assess and quantify the
health levels of an ecosystem and to measure the impact that
anthropogenic activities have on it. Indicators can be useful as proxies or
substitutes for measuring conditions that are so complex that no direct
measurement is possible.
A good indicator helps quantify and/or qualify the current state of a
system, which way the system is going and how far the system is from
where it should be. A robust indicator should be able to highlight a
problem at an early stage and help the manager solve the problem quickly
and efciently. For an indicator to be effective, it must be relevant to the
system studied, easy to understand even for non-specialists, totally
reliable and based on accessible, easily collected data (Sustainable
Measures, 2007).
Microplankton communities, as early steps in coastal trophic cascades,
can be a good base for the development of indicators of trophic states,
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considering that environmental changes affect this community, that many
species of this community are sensitive to change, and that they can
respond very quickly (Rakocevic-Nedovic & Hollert, 2005). Research is still
ongoing on this subject but a number of publications are already available
(Rakocevic-Nedovic & Hollert, 2005, Tett et al., 2007) suggesting that
phytoplankton communities-based indicators could be reliable for the
assessment of coastal ecosystem health. Although this study does not
describe a new indicator, it will present some findings related to
microplankton community changes in the study site.
1.4.4. Using mathematical modelling
The shorter Oxford English Dictionary defines a model as:
a
simplied description of a system or process put forward as a basis for
theoretical or empin'cal understanding; a conceptual or mental
representation of something".
Thus, a mathematical model can be considered as an abstraction, or
simplication, of a given system, describing it with equations dening
relationships between its components. According to Tett (1987):
A mathematical model is one or more equations describing the functional
dependence of one or more quantities on time, space and each other".
Models represent testable hypotheses that can lead to an improved
understanding of nutrient-ecosystem relationships as well as reliable
models for the diagnosis or prognosis of eutrophication (Tett, 2000). The
simplest models for eutrophication only predict the value of an easily
observed variable, such as phytoplankton chlorophyll. They rely on the
parameterisation of basic processes and do not extend to the
consequences. Such models are called screening models". Although
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simple, they can provide a useful conceptual framework for study of the
factors influencing eutrophication as well as for diagnosing or predicting it
(Lee et al. 2002). More complicated models are not neoessarily more
realistic. They have more parameters for which accurate values must be
found. Simulations with a complicated model using imprecise parameters
are likely to be more inaccurate than simulations with a simple model
using a few well-determined values (Tett & Wilson, 2000).
There are four components in the mathematical formulation of a model:
forcing functions (forcing variables), state variables (functional unit or
compartment), mathematical equations and parameters. Forcing variables
are functions or variables of external nature that inuence the state of the
ecosystem considered. The model is used to predict the changes in the
ecosystem when forcing variables vary in time and space. Thus, in the
case of a eutrophication model where the control variable is the input of
nutrient, water temperature and solar irradiance are examples of forcing
variables. State variables are the variables playing a prominent role in the
model and explain most of the behaviour of the whole system. The values
of state variables can be predicted by changing the forcing functions: they
are the outputs of the model. In a eutrophication model, the concentration
of limiting nutrient is an example of state variable. Mathematical equations
are used to represent biological, physical and chemical processes
occurring in the ecosystem. They describe the relationship between
forcing functions and state variables. Parameters are numbers that have a
constant value during any one set of calculations made with the model
(Tett, 2000). For a eutrophication model, the yield of chlorophyll from
nutrient (q) is an example of a parameter.
The state variables of a model can be either bulk variables (e.g.
chlorophyll concentrations) or populations of variables representing
individual units (e.g. algal cells).
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Descriptive vs. synthetic:
Riley divided mathematical models in oceanography in two groups:
descriptive and synthetic. A complex field such as oceanography tends to
be subject to two opposite approaches. The rst is the descriptive in which
several quantities are measured simultaneously and their inter-relationship
derived by some sort of statistical method. The other approach is the
synthetic one, in which a few reasonable although perhaps oversimplied
assumptions are laid down, these serving as a basis for mathematical
derivation of relationships" (Riley, 1946). The model presented in this
study is a synthetic model.
Eulerian vs. Lagrangian:
Two main methods are commonly used for the design of mathematical
models: the Eulerian method and the Lagrangian method. With the
Eulerian method, variables in the model are calculated at xed points
whereas with the Lagrangian method, they are calculated at variable
points. Like most ocean models, the model described in Chapter 7 uses
the Eulerian method. This method can however be limiting as changes of
state variables can be described only in an averaging way (Lee, 2002). lt
is then difcult to represent non-linear processes.
Diagnostic vs. prognostic:
A diagnostic model uses existing observations or given data in order to
interpret the data or understand an ecosystem. On the contrary, a
prognostic model predicts what will happen in a system under a particular
forcing scenario. This last type of model is very sensitive to initial and
boundary conditions, and requires much greater computing resources than
diagnostic models (Lee, 2002). The model presented in this thesis is a
prognostic model.
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Descriptive vs. hvpothesis testing;
Many models are mostly descriptive and attempt to describe particular
features of plankton dynamics, such as primary production, annual
variations of plankton population, or deep chlorophyll maximum (Taylor et
al., 1991, Varela et al., 1995, Woods & Onken, 1982). Mathematical
models however can also be used to test assumptions or hypotheses and
this is the case of the model presented in this thesis. It allowed the author
to determine whether a change in environmental conditions occurred over
three decades at the study site.
1.5. Rationale for this work
The general increase in potentially polluting activities associated with the
growth of human population has led to more and more pressure on the
natural environment. Coastal waters are affected directly because they are
often close to large human settlements and also indirectly because they
are the sink of land and freshwater inputs. In Scotland, the main threat to
coastal waters is possibly aquaculture. Most farms are situated in ords
(sea-lochs") on the north and west coasts of the country. These ords
offer sheltered conditions and a pattern of water circulation which seems
ideal for aquaculture. They are however semi-enclosed environments with
limited exchange with the nearby sea and can therefore be vulnerable to
environmental changes.
The legislation currently in place at international, European and national
levels requires coastal waters quality to be maintained or improved but
offers little advice on how to achieve this goal. Over the years, a number
of scientic studies in a variety of elds have been carried out in order to
try and identify best management practices for coastal waters. The main
outcome is that there is a need for an ecosystem approach to coastal zone
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management. One way of working at ecosystem scale would be to
determine the assimilative capacity of the water body considered. Used
with appropriate management tools, it would allow governing bodies to
regulate the use of specic coastal areas. At the moment, however there
is no reliable method for the determination of assimilative capacity.
This thesis proposes to combine several tools in order to gain a better
understanding of semi-enclosed coastal systems and to estimate the
assimilative capacity of a shallow Scottish sea loch: Loch Creran. A simple
mathematical model was designed to predict chlorophyll and nutrient
concentrations in the loch under various environmental conditions and a
sampling campaign was carried out over a two year period to study current
water properties. Data from the 1970s were also analysed in order to
highlight any changes which might have occurred in the loch over the past
three decades and a rough estimation of the assimilative capacity of Loch
Creran was calculated using the model.
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CHAPTER 2
PRESENTATION OF THE SITE
This chapter presents the study site chosen for this piece of research. lt
describes in turn the geography, topography, current consevation status
and anthropogenic activities taking place in the catchment area.
The observation and modelling study was carried out on a shallow ord:
Loch Creran. This site was chosen for three main reasons. Firstiy,
according to Landless and Edwards (1976), Loch Creran is close to the
unrealised typical Scottish sea loch in dimensions and general
hydrography; secondly, because it now contains a salmon farm of a size
that is substantial in relation to its volume and thirdly, because there is a
good body of historic data describing the hydrography and biology of the
loch during the 1970s, before the installation of the fish farm. The loch also
contains, nowadays, a number of shellfish farms. Prior to about 1990, it
also received the waste from a kelp processing plant.
2.1. Geography
2.1.1. Location
Loch Creran is a small sea-loch situated on the north-west coast of
Scotland (56°31.41 N, 5°21.12 VW, approximately 15 km north of the town
of Oban, Argyll (Figure 2.1. and 2.2.). The loch connects to the larger ord
Loch Linnhe and eventually to the water of the north-east Atlantic Ocean
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across the wide Scottish continental sheif. Its longitudinal axis is in an
approximately WSW - ENE direction (Jones, 1979).
Loch Creran
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Figure 2.1. Map of Argyll with Loch Creran at the end of the red arrow.
Figure 2.2. Ordnance Survey map of the Creran catchment
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2.1.2. Freshwater input
The North West of Scotland is one of the wettest regions of the British
lsles. Annual rainfall in this area is in excess of 2000 mm. Figures 2.3. a
and b show the seasonal variation in rainfall for the years 1975 and 2003-
2004 considered in this project. The data were collected at the
Dunstaffnage Marine Laboratory weather station, the closest to Loch
Creran. The amount of rainfall, though slightly higher during the winter
months, seems to vary little throughout the year. Inter annual variability is
very small, too.
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Figure 2.3. Seasonal variation in rainfall at the Dunstaffnage weather station
for the years (a) 1975 and (b) 2003.
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The freshwater input into Loch Creran is relatively low compared to some
nearby sea Iochs such as Loch Etive, despite a similar annual rainfall. This
is due to the fact that Loch Creran catchment area is particularly small:
200 km2 as opposed to 1400 km2 for Loch Etive. The main source of
freshwater input into Loch Creran is River Creran, which ows into the
head of the upper basin. There are also four other small rivers that flow
into the lower basin of the Loch: Dearg Abhainn, Abhainn Teithil, Allt
Buidhe and An lola. Tyler (1983) studied the relative importance of all the
sub-catchments within the Creran catchment. ln order to compare the
relative freshwater input of each sub-catchment, he calculated two factors
for each sub-catchment:
o The rainfall factor, which is the ratio of the rainfall collected in
the sub-catchment considered over the rainfall collected in the
River Creran sub-catchment.
o The freshwater ow factor, which is the ratio of the river ow in
the sub-catchment considered over the river flow in the River
Creran sub-catchment.
Table 2.1. presents a summary of Tyler's finding and shows that, for both
rainfall and river ow, the combined freshwater input into Loch Creran
coming from the Dearg Abhainn, Abhainn Teithil, Allt Buidhe and An lola
sub-catchments accounts for only 25% of the total freshwater input into
the Loch and is therefore relatively small when compared to the River
Creran sub-catchment.
Table 2.1. Area, Rainfall factor and freshwater ow factor of each sub-catchment of the
Creran catchment (From Tyler, 1983).
Sub-catchment Rainfall factor Freshwater ow factor
River Creran 66.1 1 1
Allt Buidhe 5.3 0.92 0.074
Abhainn Teithil 11 0.85 0.141
Dearg Abhainn 10.5 0.82 0.13
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The mean freshwater input into the loch is 1/70 of the mean tidal inow,
which is 1/7 of the volume of the loch system per cycle of the
predominantly semi-diurnal tide (Tett and Wallis, 1978).
2.2. Topography and hydrography
2.2.1. General information
According to Landless and Edwards (1976) Loch Creran is close to the
unrealised typical Scottish sea loch in dimensions and general
hydrography. The loch is of a tjordic type, partially separated from the
open sea by a sill and can be divided into two basins (Figure 2.4). The
small (upper) basin is 3 km long by 0.8 km wide, with a maximum depth of
40 m, and the main (lower) basin is 11 km long by 1.5 km wide with a
maximum depth of 53 m (Milne, 1972). These two basins are partially
separated by a 3 m deep sill and the main sill at the mouth of the loch is
approximately 8 m deep and 0.2 km wide (Figure 2.5).
Lower basin:
Length: 11 km
Width: 1.5 km
Average depth: 20 m
Maximum depth: 53 m _
Upper basin:
ø, Length: 3 km~ _ ' Width: 0.8 kmA
Average depth: 15 m
Maximum depth: 40 m
Figure 2.4. Surface topography of Loch Creran.
43
km
0 Ä Ü 120
v = 192,ooo,ooo m v=3e1o'
º»l
40'
I Z 1_ >
,| l
1 Síll2=8m l I SiII1=3m Ä±
Figure 2.5. Bottom topography of Loch Creran.
The x axis shows the distance in km and the y axis shows the depths in m.
Figure 2.6. shows the stations sampled during the 1970s sampling
campaign. ln the 1970s the stations Pie' and "River" were sampled
weekly and the stations Deepest", Barcaldine" and "Bridge" were
sampled less often. Other stations sampled in the 2000s and mentioned
here are shown in gure 3.1.
The depth of the lower basin, in most places, does not exceed 20 m. This
is the case for the stations Entrance and Bridge studied during this project,
which present a maximum depth of respectively 15 m and 20 m. There
are, however, two areas with an average depth superior to 20 m: they are
situated in line with the stations Deepest, Fish Farm and "Barcaldine"
also sampled during this project. Around the Deepest" station, a broad
depression occurs in the bed of the loch for a distance of approximately 6
km to the east of South Shian. The maximum depth measured for this
station was 53 m and samples were commonly taken at a depth of 40-50
m. The second area of depression runs along the long axis of the main
basin, for a distance of 2 km from about 0.5 km off the Barcaldine Pier.
The maximum depth in this channel is usually 20-30 m. The Fish Farmâ
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and Barca|dine" stations are situated in this area and were regularly
sampled down to a depth of 28 m and 20 m, respectively.
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Figure 2.6. Map of Loch Creran with the 1970s sampling stations marked as black dots
(Adapted from Jones, 1979).
2.2.2. Physical properties of the water column
The following paragraphs aim to present background information on
stratification and water layering within Loch Creran and at the control
station, in relation with temperature, salinity and density. The sections
presented here were plotted with Matlab, using a script written by Jae-
Young Lee. Although such gures present good background information
on layering and stratication, it is worth noting that the data had to be
interpolated between the depths and stations sampled and the overall
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picture is therefore not an accurate description of the water properties over
the whole section (this is further discussed in Chapter 4).
On the sections, each black dot represents a sampling point. Nine stations
were sampled for each section presented here. Kilometre 0 is at Greag
Isles", the control station and from there, the transect follows a straight line
between the stations presented in gure 3.1. On each section, warm
colours indicate high temperaturelsalinity/density concentration and cold
colours represent low temperaturelsalinity/density concentration.
Typical spring temperature vertical section:
The temperature pattern in the main basin of Loch Creran is mostly
determined by solar irradiance. Figure 2.7. shows a temperature section
from a transect along Loch Linnhe and the main basin of Loch Creran,
taken on 18"' March 2003.
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Figure 2.7. Temperature section from a transect along Loch Linnhe
and the main basin of Loch Creran (18"` March 2003).
On this section, it can be seen that the water at the surface of the main
basin of Loch Creran and the water at the surface of Loch Linnhe were
being warmed up by the sun. Sills are however zones of higher water
movements due to the typical fjord circulation described in Chapter 2, and
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they coincide with regions of colder water. The highest temperature
measure on 18"` March 2003 was at the surface of the Greag |sles"
station with 7.85°C. The lowest temperature recorded was over the
second sill, at the Entranoe" station, at a depth of 5m, with 7.4°C.
Tvpical spring salinity vertical section:
The salinity pattern in the main basin of Loch Creran is mostly determined
by the freshwater input of River Creran. Figure 2.8. shows a salinity
section from a transect along Loch Linnhe and the main basin of Loch
creran, taken on 18"' March 2003.
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Figure 2.8. Salinity section from a transect along Loch Linnhe
and the main basin of Loch Creran (18"` March 2003).
On this section, it can be seen that the water at the surface of the main
basin of Loch Creran was being diluted by the freshwater input of River
Creran. Over the second sill, the salinity was particularly high due to the
tidal input of salty ocean water. The highest salinity measure on 18'â
March 2003 was at the bottom of the Greag lsles" station with 33.5 psu.
The lowest salinity recorded was at the surface of the BarcaIdine station,
with 31 psu.
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Typical spring density vertical section:
The density pattern is mostly salinity driven: the density prole is almost
identical to the salinity prole in the main basin of Loch Creran as well as
in Loch Linnhe (Figure 2.8). Figure 2.9. shows a density section from a
transect along Loch Linnhe and the main basin of Loch Creran, taken on
18"* March 2003.
QJ
'A03..Ev-
š'_
-39.2-49
.Ä±
0 6 1 2 1 8
Dblco (km)
Figure 2.9. Density section from a transect along Loch Linnhe
and the main basin of Loch Creran (18'" March 2003).
The temperature seems to have little impact on the density pattems
observed at this site. The highest density measured on 18"' March 2003
was at the bottom of the Greag lsles station with 26.4. The lowest
density recorded was at the surface of the Barcaldine station, with 24.
2.3. Conservation status
Loch Creran is protected by a number of conservation measures. This site
presents both nature conservation interests and socio-economic interests
and it is therefore important to take these into account and to try to
balance all the interests. The main anthropogenic activities taking place in
the Creran catchment include nsh fanning and processing, shellsh
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farming, forestry, farming, shing, recreation and tourism and more
information on this is provided in section 2.4. The nature consenation
interests are equally varied (SEPA, 2007).
Loch Creran is a designated Special Area of Conservation (SAC) under
the Species and Habitats Directive (EC, 1992) for its Serpulid reefs, which
are biogenic reefs of the worm Sepula vermicuIan`s. S. vermicularis only
forms reefs in 4 sites across Europe and the greatest extent of Serpulid
reefs in Europe occurs in Loch Creran (Black et al., 2000). The other 3
European Serpulid reefs are located in Ireland and ltaly. Loch Creran is
also a designated site for its Horse Mussel (Modiolus modiolus) beds.
Similarly, the Glen Creran woods on the eastern side of Loch Creran are
protected as a SAC; the woodland being of outstanding importance for the
rich communities of mosses and lichens (SNH, 2006).
The Creran catchment also contains a number of geological Special Site
of Scientic Interest (SSSI) at South Shian and Balure (both on the
western edge of Loch Creran) and at Clach Tholl, near Port Appin (SNH,
2006).
Finally, the Lynn of Lorne, in which the control station for this project was
located, is also designated as a National Scenic Area (NSA) (Grant,
2006).
2.4. Anthropogenic activities
2.4.1. Activities in place
Loch Creran is situated in a region of the Western Highlands of Scotland
which is sparsely populated. Only two small centres of habitation are
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present in the immediate vicinity of the loch: South Shian and Barcaldine,
both with a population size inferior to 1000 inhabitants. A few farms are
also scattered on the catchment area. Domestic sewage is therefore
unlikely to be of signicant importance in terms of nutrient inputs to the
Loch.
The land use of the area is predominantly sheep and cow grazing. A small
amount of arable farming and some forestry activities are also carried out
on the catchment area. The input of nutrients from farming activities into
the loch was estimated by measuring the nutrient concentrations present
in the River Creran and the results are presented below, in section 2.4.2.
ln the 1970's a seaweed processing factory was in operation at
Barcaldine. The exact composition of the efuent was unknown but
significant quantities of carbon, particulate organic phosphorus and
nitrogen, and dissolved organic and inorganic nitrogen and phosphorus,
as well as an alkaline liquid whey, an acidic leachate and formaldehyde
were present (Black et al., 2000). A number of studies were carried out,
looking at the potential impacts of this outow on Loch Creran's benthic
fauna. Gage & Geekie (1973) carried out a comprehensive quantitative
suney of the macrobenthic fauna and found some pockets of depauperate
communities, probably due to high quantities of decaying plant material
released by the factory. Jones (1979) also showed that this plant, following
an increase in the scale of its operations, had a potential impact on the
quality of the water in Loch Creran through the appearance of decaying
particulate material in the intertidal region close to the factory outfall pipe.
The factory stopped all seaweed processing activities in the 1990s.
ln 1984, a salmon farm was introduced into Loch Creran. lt is managed by
Scottish Sea Farms, a company owned by Salmar AS and the Leroy
Seafood Group of Nonvay. The Loch Creran site has 12 cages, with a
consented maximum biomass of 1500 tonnes (Davis, personal
50
communication). Salmon are grown on site over a three year period and
the location of the cages in the Loch is changed at the start of each cycle
to reduce the footprint such an activity may have on the environment and
to allow the site to recover from potential disturbance.
During the course of this project, an informal partnership was established
between Napier University and Scottish Sea Farms and regular meetings
between both parties allowed the exchange of data and information. The
cooperation with Scottish Sea Farms also insured that the author had
access to the farming site to take samples on a regular basis.
Close to the salmon farm and part of the same business group is a fish
processing factory managed by Hydro Seafood GSP. This plant processes
on site the sh harvested on the Loch Creran farm as well as on other
sites along the north and west coast of Scotland. All the waste water
produced by the processing factory is treated and there are no direct
discharges into Loch Creran.
In the 1980s, 1990s and 2000s, some bivalve farms were also introduced
into the Loch. There is commercial interest in harvesting oysters
(Crassostrea gigas) and mussels from the water, with seven Crown
Estates Commission (CEC) leases having been granted. The Food
Standards Agency has given the area an A classification (November to
June) and B classication (July to October) for the harvesting of oysters. A
restricted area towards the west of the loch is A classification (August to
June) and B classication (July) for mussels (Crown Estates Comission,
2007). The Caledonian Oyster Co. Ltd. started farming oysters in Loch
Creran in 1995. The company farms the Pacic oyster or Crassostrea
gigas, which does not breed naturally in Scottish waters. This company
also has its own depuration facilities on site in Loch Creran. Rubha Mor
Oysters started farming oysters in Loch Creran in 2001, Creran Oysters
have been farming oysters in Loch Creran since the mid 1990s and Isle of
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Shuna Shellfish have been growing mussels in Loch Creran since 2004.
Unfortunately, the annual production of these farms is not known.
Due to the timeframe and the resource constraints imposed on this
project, it was impossible to sample each of the shellfish farms on a
regular basis. Therefore, no cooperation was established with farm
managers and no data were collected from these stations. lt is however
obvious that the presence of such famws might inuence the water quality
properties of Loch Creran and this is further discussed in Chapter 4.
2.4.2. Monitoring and Regulations
The Scottish Environment Protection Agency (SEPA) runs a regular
sampling campaign in Loch Creran in order to monitor any changes in the
environment which might indicate a threat to the ecosystem (SEPA, 2007).
SEPA's monitoring is carried out within the framework of Environmental
Improvement Plans (EIP), previously called Action Plans. Loch Creran is
sampled biannually for metals and organochlorines in waters, and monthly
for temperature, salinity, dissolved oxygen and pH at South Creagan and
North Shian. Mussels are also sampled annually for organohalogens and
metals at North Shian and quarterly for tributyltin (TBT) and polycyclic
aromatic hydrocarbons (PAHs) in the framework of SEPA's ElP. Any
evidence of visible harm to the shellsh population is visually assessed at
the site. The microbial quality of the Loch is also checked regularly and a
quarterly monitoring programme is in place for faecal coliforms in mussels.
The reduced sampling provision of Article 7(2) of the European
Community Shellsh Waters Directive (2003) is applied i and when this is
appropriate. Following standard SEPA policy, in the event of any sample
failing to meet chemical parameter Environmental Quality Standards, the
site is revisited and re-sampled for the failed parameter.
SEPA pursues a policy of no new discharges of sewage efuent to
designated waters to avoid incremental increase in microbiological loading
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(SEPA, 2007). When discharges to the designated waters cannot be
avoided, they are subject to appropriate treatment to ensure compliance
with the Shellfish Directive's (2003) standards. Any existing discharge has
to be reviewed by SEPA and appropriate treatment put in place to meet
the Directive's standards. Some individual sewage treatment plants
discharging to the area have had their consents reviewed to require
appropriate treatment. All farms in the Creran catchment area are
inspected according to the Scottish Executive's 4 Point Plan to reduce
point source farm discharges into inland and coastal waters. SEPA have
also initiated an EIP of agricultural inspections and improvement
requirements, designed to reduce diffuse pollution (SEPA, 2007).
53
CHAPTER 3
METHODS FOR OBSERVATIONAL WORK
This chapter presents the material and methods used for data collection
during the observationai work. The rst section describes the sampling
strategy as a whole whereas the other three sections focus on the
methods used for the collection and analysis of respectively physical,
chemical and biological samples. lt was particularly important to get as
complete a data set as possible for the years 2003 and 2004 as such data
were used for the implementation and the verication of the 2003 AC
model.
3.1. Sampling strategy
3.1.1. Sampling stations
Figure 3.1. shows the location of the stations sampled during both the
1970s sampling campaign and the 2000s sampling campaign. ln the
1970s the stations "Pier" and "River" were sampled weekly and the
stations Deepest", Barca|dine and "Bridge" were sampled less often. ln
the 2000s, the stations "Pier", Fish Farm" and Rive' were sampled at
least fortnightly (occasionally weekly), and the stations Greag lsles,
"Entrance", Deepest", "Barcaldine and "Bridge" were sampled monthly.
Other stations, including 'Mussel Farm and "Upper Basin", were only
sampled occasionally and when the tide allowed safe access to them.
Greag lsles was a station outside Loch Creran, in Loch Linnhe and
represented the boundary conditions of Loch Creran. lt was the control
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station since it was not considered to be impacted by anthropogenic
activities with Loch Creran.
Fish Farm" was a site of intensive aquaculture inside Loch Creran, where
Scottish Sea Farms managed 12 cages of Atlantic salmon, with a
consented discharge of 1500 tons throughout the project. This site was
considered as the at-risk station within Loch Creran as the nutrient
loading could have been particularly important.
"Deepest, "Barcaldine" and "Bridge" were three stations on either side of
the sh farm (with "Bridge" being located further away) and were used to
assess the potential effects of the sh farm on its local environment.
"Entrance" was a station situated at the mouth of the loch, where all the
water exchanges would take place. lt is a zone of transition between the
boundary conditions represented by the Greag lsles" station and the
internal conditions of the Loch itself.
Mussel Farm was a station close to a shellsh farm, near the entrance of
the Loch. This station should present the same conditions as the
"Entrance" station, but possibly modied by the potential impacts of the
mussel farm.
Upper Basin was the only sampling station situated in the upper basin of
the loch. Sampling there proved to be difficult due to the shallow sill
separating the two basins. Previous studies showed that the upper basin
did not play a major part in the physico-chemical processes taking place in
Loch Creran (Tyler, 1983) and could therefore be ignored in the AC model.
"Pier" was a station close to the shore, where samples could be taken
from the pier at the Barcaldine Marine Station.
"River" was the only freshwater station sampled for this project.
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3.1.2. Sampling regime
Tables 3.1. and 3.2. give a summary of the sampling regime by showing
the sampling dates and stations visited in 2003 and 2004. Due to time and
resources limitations, the sampling season lasted from early February until
mid-October. During the 2000s sampling campaign described in this
thesis, Loch Creran was sampled on eighteen occasions over a two-year
period. Some of the stations are still sampled regularly in order to increase
the size of the 2000s data set.
The stations which did not require a research vessel for their access were
sampled at tvvo-week intenals. These included Pier and "River", which
could be accessed on foot, and Fish Farm", which could be sampled
using a small power boat, courtesy of Scottish Sea Farms. On rare
occasions, these stations were sampled weekly.
The stations which could only be accessed using a research vessel were
sampled monthly. These stations included Greag lsles", "Entrance",
Mussel Farm", Deepest", BarcaIdine", "Bridge" and Upper Basin". They
were usually sampled using Seol Mara", a small boat hired from The
Scottish Association for Marine Science (SAMS) at Dunstaffnage. On rare
occasions these stations were sampled using Calanus", a larger research
vessel, property of SAMS. On some occasions, the monthly sampling
routine could not be maintained and some sampling had to be deferred.
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3.1.3. Sampling routine
When using a research vessel each station was sampled in turn, working
along a longitudinal transect of Loch Creran and moving with the tide.
When sampling without this research vessel (fortnightly sampling), stations
were sampled in a random order, to suit all those involved with sampling.
An internally recording, portable SeaBird 19 plus CTD (Conductivity,
Temperature, Depth), property of SAMS, was used to prole temperature,
salinity and density at each station. The data could not be retrieved on site
and were therefore sent to the author in electronic format after being
extracted by the person in charge at SAMS.
NIO-pattern water bottles, property of SAMS, were used to take water
samples at several depths for chlorophyll, nutrients, and microplankton
samples.
Zooplankton was sampled at various depths using a 250m mesh net,
property of Napier University.
When sampling from the land or from the small power boat, all the
sampling apparatus were lowered by hand, using a 5mm nylon sailing
rope graduated every metre. When sampling from a research vessel, the
apparatus was lowered using an electrical winch.
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3.2. Physics
3.2.1. Temperature, salinity, density
ln the 1970s, density data were not recorded. Temperature and salinity
were measured using an NIO temperature/salinity bridge (SMBA No.3).
The instrument was calibrated against almost simultaneous reversing
thermometer measurements and salinity bottle samples. When the
instrument appeared to be malfunctioning, water bottles were lled with
water from the standard depth and measured at the laboratory on an
Autolab salinometer. The temperature was measured as soon as possible
after collection of the water samples, using a mercury-in-glass
thermometer.
ln the 2000s, an internally recording, portable SeaBird 19 plus CTD
(Conductivity, Temperature, Depth) was used to prole temperature,
salinity and density at most stations. The CTD is an electronic instrument
that allows measurement, from a research vessel or from the land, of the
water's physical and chemical properties at a frequency of 4 recordings
per second. When sampling from the research vessel, and prior to each
profile measurement, the CTD was attached to a winch and immersed into
the surface water for one minute in order for the probes to stabilise. When
sampling from a small boat or from the land, the same methods were used
but the CTD was lowered by hand. The CTD was then lowered into the
water at an approximate speed of 1 m.s" until it was close to the seabed.
Care was taken not to drop the CTD on the seabed to avoid disturbing the
sediments and creating artefacts in the data. The CTD and all its probes
were also carefully cleaned with distilled water between stations to avoid
contamination. Raw data were returned to a computer and made available
to the scientists in electronic form. The data used for this research were an
average of all data collected by the CTD for a particular depth (final data
available for every meter of depth).
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3.2.2. Turbidity
ln the 1970s, the attenuation coefficient of Loch Creran's upper layer of
water was derived from irradiance measurements. A Lambda Instrument
Quantum Sensor was used to measure downwelling irradiance under
water. A linear regression of the natural logarithm of irradiance against the
depth (in meters) for each set of data gave the attenuation coefcient K of
the seawater as the regression coefcient (Tyler, 1983).
ln the 2000s, an estimation of the diffuse attenuation of light in seawater at
each station was required for model implementation. This was achieved by
measuring water turbidity with a Secchi disk. A Secchi disk is a piece of
equipment made of a metal plate divided into four sections of equal
surface area, painted alternatively black and white. The turbidity is
measured by lowering the Secchi disk on a marked rope into the water
until it is not visible anymore; this depth is called the Secchi depth".
Time series of water turbidity data as Secchi depths were also provided by
Scottish Sea Farms for the years 2003-2004, with an average frequency of
1 measurement per day.
The secchi depth measured in a certain body of water can be related to
the diffuse attenuation of the water using the following equation:
Z3=f3/Kd
where zs is the secchi depth measured, K is the diffuse attenuation and fs
the converting factor. This converting factor is approximately 1.7 in clear
marine waters (Raymont, 1967), falling to 1.4 in turbid coastal waters with
high suspended sediment load (Holmes, 1970) and increasing to higher
values (up to 1.84) in the low salinity waters of the Baltic sea (Elder,
1997). Due to the enclosed, coastal situation of Loch Creran as well as the
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relatively high sediment loads founds, a value of fs = 1.4 was used for the
conversion of secchi depths into diffuse attenuations.
3.3. Chemistry
ln the 2000s, water samples were taken at different depths, using 1.5 L
NIO water sampling bottles, property of the Scottish Association for Marine
Science (SAMS). NIO bottles are a commonly-used piece of equipment
made of thick plastic cylinders that are opened by a spring mechanism
and can be clamped onto a winch cable. The bottles were lowered in the
water to the selected depth and a messenger was sent down the winch to
trigger the NIO bottle's closing mechanism, thus trapping water inside. The
bottles were then retrieved and the contents decanted into several
containers to be presened for the different chemical analyses described
below. For each depth sampled, the water for chlorophyll and particulate
organic matter was collected in 1L plastic bottles and nutrient samples
were collected in 250 mL plastic bottles. All sample bottles were pre-rinsed
twice with sample prior to filling and subsequently stored in a cool dark
box prior to analysis.
In 2003, samples were taken at the following depths: 0m, 2m, 5m, 10m,
and then every ten meters to as close to the seabed as possible. ln 2004,
a finer vertical prole of the upper layer of water was required and the
following depths were sampled: Om, 2m, 4m, 6m, 8m, 10m and then every
10m to as close to the seabed as possible. Once again, care was taken
not to put the sampling bottle in contact with the seabed so that no
sediments or benthic material were trapped in the water sample.
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3.3.1. Chlorophyll a
ln the 2000s, water for chlorophyll a analysis was transferred into 1L
plastic bottles and kept in a cool and dark place. Each bottle was rinsed
tvvice with the sample before filling.
The plant pigments of algae consist of chlorophylls and carotenoids. The
three major chlorophyll pigments (a, b and c) absorb light maximally at
different wavelengths when dissolved in organic solvents. However,
chlorophyll a occurs in greater abundance and its concentration alone is
often used to estimate algal biomass. Chlorophylls degrade to
phaeophytins which are structurally similar but have lost the magnesium
from the ring structure (Tett & Wallis, 1978). Phaeophytins absorb light at
the same wavelengths as chlorophylls but less strongly. Since both
chlorophyll and phaeophytin pigments occur in variable amounts
depending on environmental conditions, concentrations of both must be
estimated for each sample. The total amount of pigment is determined in
alkaline acetone (chlorophyll plus phaeophytins). The same sample is then
acidied, during which time the chlorophyll is degraded to phaeophytin, so
that the chlorophyll concentration can be determined by difference in
absorbance pre and post acidication.
Chlorophyll a concentration was analysed by a method similar to that used
in the 1970s and described in detail by Tett (1987). A measured volume of
seawater (about 500 mL) was passed through a GF/F 47 mm filter. The
filter was then folded and stored at -18°C in a plastic centrifuge tube. Up to
6 months later, 90% acetone was added to the frozen samples and the
chlorophyll was extracted overnight before measurement of the sample's
fluorescence (before and after acidification with 2 drops of 8% HCI), in a
Turner fluorometer TD 700. The day to day calibration of this instrument
was checked with a TD red solid standard (P/N: 7000-994) and, at
intervals, a primary calibration was made with a solution of pure
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chlorophyll a (Sigma chemical co. ref. C5753), the concentration of which
had been determined in a spectrophotometer using a coefficient of 87.67 L
g`1 cm'1 (Jeffrey & Humphrey, 1975).
Although less precise than spectrophotometry, fluorometry allows the
measurement of low levels of chlorophyll. lt is also a quicker method and
requires a smaller sample size. A full description of the method use for
chlorophyll measurement and calibration of the instrument can be found in
Appendices 3.1. and 3.1.1.
3.3.2. Dissolved inorganic nutrients
ln the 1970s, DIN concentration was detemined using the method of
Mullin and Riley (1955) which involves the reduction of nitrate to nitrite,
with the modications of Strickland and Parsons (1960). This method was
chosen because it was less labour intensive than the similar method of
Wood, Armstrong and Richards (1967). DIP concentration was determined
using the ascorbic acid method of Murphy and Riley (1962) with the
modications proposed by Strickland and Parsons (1972). Although this
method is more reliable than the stannous acid method of Murphy and
Riley (1958), it presents some disadvantages, such as a risk of hydrolysis
of labile dissolved organic phosphorus compounds due to the acidic
nature of the reagents (Strickland & Austin, 1959, Jones and Spencer,
1963).
ln the 2000s, water for nutrients was transferred into 250 mL acid washed
plastic bottles and kept in a cool and dark place. Each bottle was rinsed
twice with the sample before lling.
ln the laboratory, 100 mL of seawater were ltered through a GF/F 47 mm
filter in an all-glass filtration unit. The ltrate was bottled in acid-washed
plastic containers and stored at -18°C until analysis, using a Lachat
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Instruments QuickChem 8000 flow injector autoanalyser, for
concentrations of nitrate and nitrite (measured together and referred to as
Dissolved Inorganic Nitrogen (or DIN) and phosphate. The methods follow
QuickChem (2001a) and QuickChem (2001b). Random samples were run
in triplicate in order to assess the variability of the instrument.
In 2004 some nutrient samples were also analysed manually in order to
calibrate the instrument. The samples, if frozen, were restored to room
temperature immediately prior to the analysis, using a hot water bath.
Phosphate and nitrite analyses were carried out on the same day and total
oxidised nitrogen the following day. The methods used are described
below and the protocols used are shown in Appendix 3.2.
Phosphorus: Ascorbic Acid Method
The method chosen for phosphorus analysis followed Murphy and Riley
(1962). This is a colorimetric method where the addition of a series of
reagents produces a coloured product in proportion to the concentration of
the ion or molecule of interest. Some forms of phosphate produce a yellow
phosphomolybdate complex in acidic molybdate solution, which in turn can
be reduced with ascorbic acid to a more stable blue complex with a high
extinction coefcient. The reaction is catalysed by antimony and the blue
colour is formed in amounts proportional to the soluble reactive phosphate
(SRP) present.
ln order to interpret accurately an absorbance reading in terms of
concentrations, a calibration curve was produced where known
concentrations of SRP were tested and the colour measured by
spectrophotometry at 882 nm against a blank of deionised water. A plot of
concentration against absorbance should yield a straight line. By
determining the equation for that line, the concentration of the SRP in the
water sample can be derived from its measured absorbance. To produce
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the calibration curve, the working stock of standard phosphate solution
(1000 g.L") was diluted with artificial seawater to provide a range of
standards from 0 to 1000 g.L". Five millilitres of each concentration were
prepared.
Forms of Dissolved Available lnorqanic Nitrogen
Nitrate, nitrite and ammonia are the main forms of dissolved inorganic
nitrogen. During this study, only nitrite and total oxidised nitrogen (nitrite
and nitrate) were analysed manually. Nitrite is present in coastal water in
relatively low levels and normally exists as an intermediate form of nitrate.
Nitrate on the other hand is the most abundant form of inorganic nitrogen
but there is no direct analytical technique to determine its concentration in
water. In this case, the method employed to determine nitrate
concentration involved a reaction that reduces nitrate to nitrite to
determine the total oxidised nitrogen present in the sample. The
concentration of nitrate was calculated by subtracting the nitrite
concentration determined for the same sample. The methods follow
Mackereth et al. (1978) and APHA (1995).
These assays are based on spectrophotometric measurements of
coloured products. The reactions are carried out using an excess of
reagent so that the limiting factor is the amount of analyte, thus the
intensity of the colour is in direct proportion to the concentration of the
analyte. The volume of sample analysed was 5 or 10 mL and the volume
of reagents added is much smaller. The accuracy of measurement of the
samples and standard dilutions is very important.
Calibration curves
Phosphate, nitrite and total oxidised nitrogen standard curves were
prepared by plotting the absorbance value of the standard solutions
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against their concentrations. The line of best t and its equation were
determined for each standard curve. Concentrations (in g. L") in the
water samples were calculated directly from this equation, following Beer's
law which states that there is a linear relationship between absorbance
and concentration. A simple calculation allowed the conversion of this
concentration into M.
For modelling purposes, values obtained from all samples taken on one or
two days within a given box of the AC model were averaged. Where these
data are used for comparison with simulations, the means are shown as
points with bars giving +/- 1 SE of the mean. When used for boundary
conditions, continuous time-series were generated by linear interpolation
between nutrient means or standard logarithmic interpolation between
chlorophyll means, using a Matlab script designed by Tett (personal
communication). A similar strategy was adopted for 1975, where data from
the station currently called 'Barcaldine' were taken from Jones (1979), who
described it as station 'C5'. Sampling in 1975 was weekly during the
Spring Bloom period, and monthly during the remainder of the year.
Samples from 0 - 7 m depth provided the observations with which to
compare the simulations in the 'upper' box of the model, while deeper
samples characterized the 'lower box' and were used to provide the
boundary conditions for that year.
3.3.3. Particulate organic matter
ln the 1970s, PON and POC concentration was determined using a Perkin
Elmer Model 240 Elemental analyser for its ease of use and greater
reliability compared to traditional chemical methods.
In the 2000s, water for particulate organic matter determination was
collected into the same 1L plastic bottle samples for chlorophyll. Each
bottle was rinsed twice with the sample before filling it up.
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In the laboratory, the water sample (about 200 mL) was ltered through a
precombusted 25 mm Whatman GF/F filter. The combustion was carried
out by placing the lters on aluminium foil inside a preheated furnace and
leaving them at 500°C for 2 hours. Care was taken not to touch the filter
paper with bare hands to avoid any contamination of the sample. The lter
was then removed from the ltration unit using forceps, folded in two and
placed into a clean sheet of aluminium foil. The sample was immediately
frozen at -18°C, and stored for up to six months, until the analysis could be
carried out. The full protocol is shown in Appendix 3.3.
Particulate carbon and nitrogen analyses were carried out using an
automated Carlo Erba NA 2500 elemental analyser, property of Edinburgh
University.
Description of the analytical procedure:
The basic set-up of the instrument is shown in Figure 3.2. The analysis is
made in a series of sequential steps. Firstly, a sample wrapped in
aluminium foil is introduced into a combustion column maintained at a
temperature of 1000°C. The sample then passes through a porous layer of
an oxidation catalyst (chromium trioxide) which overlies a 6 cm layer of
silver coated cobalt oxide granules. Helium is used as the carrier gas. A
few seconds before the sample drops into the combustion chamber, the
atmosphere is enriched with oxygen to ensure the complete combustion of
the sample components and the sample container: this is a dynamic flash
combustion". The products of the combustion (CO2, NO, and H20) are
swept into a second column as they elute from the combustion chamber.
The second column, which acts as a combustion reactor, is packed with
metallic copper and maintained at a temperature of 780°C. The excess
oxygen is removed and the nitrogen oxides are reduced to N2. The CO2,
N2 and H20 then flow through an absorbent filter made of magnesium
perchlorate which traps the water. The helium then carries CO2 and N2
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into a Porapak chromatographic column, which physically separates the
two gases. The gases finally pass through a thermal conductivity detector
which generates electrical signals that are proportional to the
concentration of each analyte present in the sample. The electrical signals
are transmitted into an integrator that produces chromatograms showing
peak areas for each gas as it elutes from the thermal conductivity detector.
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Figure 3.2. Schematic of the Carlo Erba NA 2500
At the beginning of each run, a test sample was put through the analyser
to determine the retention times for each analyte. The retention times can
change slightly between runs if the columns have been repacked. The
integration window for each analyte was decided by the integrator during
the test runs. Blanks were produced using GF/F lters papers wrapped in
aluminium foil. The area produced by the blanks was then subtracted from
the sample areas to obtain the actual peak size of each analyte.
Calibration cunes:
Calibration cunes were produced for each analytical run using acetanilide
as a standard. Acetanilide is composed of 10.376% nitrogen and 71.655%
carbon. Seven standards were used ranging from 0.1 to 2mg acetanilide
ensuring that all sample concentrations analysed fell within the limits of the
calibration cunes. Standards were precisely weighed using micro scales
and were adjusted for the weight of the aluminium foil square containing
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the standard by taring. Empty aluminium foil squares were also put
through the analysers in order to correct the standard areas for carbon
and nitrogen particulates contained in the aluminium by subtracting the
aluminium foil peak area from the standard area. The concentration of
carbon and nitrogen contained in each standard was then determined as
follows:
Carbon (mg) = Acetanilide x 0.716553
Nitrogen (mg) = Acetinilide x 0.10376
Calibration curves were produced using least-square regression (LSR)
analysis and there was no deviation from linearity.
3.4. Biology
3.4.1. Microplankton
In the 2000s, microplankton samples were collected using a NIO bottle
and transferred into 200mL clear glass bottles. Lugol's solution was
immediately added at a concentration of 1% to colour and preserve the
sample, and the bottles were stored in a cool and dark place until returned
to the laboratory. In the laboratory, the samples were placed in a fridge
and kept there for up to six months, until the analysis could be carried out.
The microplankton taxa were identified and enumerated using either a
Wild-Heerbrugg M40-58802 (2003 samples) or a Zeiss Axiovert (2004
samples) inverted microscope.
The analysis method was similar to the one used in the 1970s. Settlement
chambers were used to concentrate microplankton prior to observation.
The sample bottle was gently mixed and a 10 mL sample was transferred
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into a settlement chamber using an automatic pipette. The chamber was
closed, covered with aluminium foil and left to stand overnight at room
temperature in order to allow the microplankton to settle to the bottom of
the chamber.
Microplankton ldentication
Microplankton was identified down to the genus level using the following
identifications keys:
- Marines Phytoplankton: ein Auswahl der Helgoländer
Planktonalgen (Diatomeen, Peridineen) (Drebes, 1974)
- Marine Phytoplankton: a Practical Guide (Newell & Newell, 1977)
- Phytoplankton (Boney, 1989)
- Marine Dinoflagellates of the British lsles (Dodge, 1982)
- ldentifying Marine Phytoplankton (Tomas, 1997)
Microplankton enumeration
Several counting methods were used to enumerate the microplankton,
depending on the abundance and the size of the species considered. They
are all derived from the Utermöhl method (Utermöhl, 1931). Figure 3.3.
shows the different methods represented graphically. The full protocol is
shown in Appendix 3.4. and a blank enumeration sheet can be seen in
Appendix 3.4.1.
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Figure 3.3. Different methods available for microplankton enumeration.
When abundance was very high, only ve elds of view were observed,
evenly distributed along the diameter of the settlement chamber and
taking care to include the sides of the chambers where the cells may
accumulate. ln this case, the equation used to calculate the microplankton
abundance (in cells.L'1) was the following:
Microplankton = (((TC/TF).R) / v). V cells.L'1
TC Total number of cells counted
TF Total number of eld of view counted (5) `
R Ratio of the area of the base of the settlement chamber to the area
of the eld of view
v Volume of sample settled out (10 mL)
V Conversion factor to give cells.L'1 (1000)
When the abundance was moderate, the microplankton abundance was
estimated by counting a strip across the centre of the settlement chamber.
The equation used to calculate the microplankton abundance in cells.L'1
was the following:
Microplankton = ((TC.R) / v) . V cells.L'1
TC Total number of cells counted
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R Ratio of the area of the base of the settlement chamber to the area
of the strip
v Volume of sample settled out (10 mL)
V Conversion factor to give celIs.L`1 (1000)
When the abundance was low, or when the organism count was very
large, the whole of the settlement chamber had to be obsened. The
equation used to calculate the microplankton abundance in cells.L" was
the following:
Microplankton = (TC/v) _ V cells. L`1
TC Total number of cells counted
v Volume of sample settled out (10 mL)
V Conversion factor to give celIs.L`1 (1000)
As a standard procedure, it is usually considered that a cell count superior
or equal to 150 per 10mL chamber is reliable for statistical purposes. The
method used for enumeration was therefore chosen according to an
estimate of the total number of cells in the chamber. The chamber was
quickly scanned under the microscope for the heterogeneity of the sample
repartition, and one representative eld of view was enumerated:
ø lf this field of view contained over 40 cells in total, the abundance
was considered as high and the method of the 5 eld of views was
used.
o If the eld of view contained less than 10 cells, the abundance was
considered as low and the whole chamber had to be enumerated.
o If the eld of view contained between 10 and 40 cells, the
abundance was considered as moderate and one or several strips
were enumerated.
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Qualiy control
ln the 2000s, seven people were involved with the identification and
enumeration of the microplankton between 2000 and 2006 but the
continuity of the records was insured by asking each person to check their
results against at least one duplicate sample examined by a different
person.
To validate the identication and enumeration results found in the 2000s
against those found in the 1970s, three samples from the 2000s were
identified and enumerated by both the Professor Paul Tett (who carried
out the procedure in the 1970s) and the author (who carried out part of the
procedure in the 2000s). The results were compared using two tests: the
first one was a calculation of the percentage of common species found,
used to validate the identication side of the procedure (species found in
each sample) and the second one was a paired t-test on common species,
used to validate the enumeration side of the procedure (number of
individuals counted for each species). The percentages calculated varied
between 79.3% and 88%. None of the t-tests carried out showed a
signicance difference for p=0.05, thus validating the procedure.
3.4.2. Mesozooplankton
ln the 1970s, no mesozooplankton samples were taken in Loch Creran.
In the 2000s, the mesozooplankton was collected with a 250m mesh, 30
cm wide tow net. The net was lowered into the water to the chosen depth
and pulled back up at a speed of 0.5 m.s'1. The net was then thoroughly
rinsed with seawater in order to force all the zooplankton to the bottom.
The sample formed was then washed with seawater into a 200 mL plastic
bottle and xed with a formaldehyde solution. The bottles were kept in a
cool and dark place until they could be stored in the laboratory fridge. The
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zooplankton samples were identied and enumerated using a Zeiss Stemi
VS11 dissecting microscope. The full protocol is shown in Appendix 3.5.
and a blank enumeration sheet can be found in Appendix 3.5.1.
Zooplankton identication
Zooplankton was identied down to the genus and sometimes to species
level using the following identifications keys:
- ICES identification leaflets for zooplankton
- Plants, Man and Loch Creran (Turner & Tett, 1978)
Zooplankton enumeration
ln the case of zooplankton, the whole sample (between 0.35 m3 and 1.98
m3, depending on day and station) was observed and enumerated. The
sample was divided into sub-samples inside Petri dishes and the results of
all sub-samples were added up to obtain the nal result.
The percentage of each taxonomic group present in the sample was then
calculated using the following equation:
Percentage = (SC. 100) / TC
SC Number of individuals of the concerned species counted in the
sample
TC Total number of organisms counted in the sample
The number of individuals per cubic meter of water was also calculated
using the following equation:
zooplankton = sc /( r F . a)
vs
Number of individuals of the concerned species counted in the
sample
Radius of the plankton net aperture (0.15 m)
Depth to which the sample was taken (in m)
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CHAPTER 4
EVOLUTION OF LOCH CRERAN'S WATER
PROPERTIES OVER THREE DECADES
This chapter presents a comparison of the water properties of Loch Creran
during the two periods studied, looking in turn at the physics, chemistry
and biology of the study site. A discussion follows in order to determine
whether there have been any significant changes obsened and if so, what
could be the causes of these changes.
All data sets were tested for normality before carrying out the parametric
statistical tests presented in this chapter and unless othenvise stated, all
data sets showed a normal distribution. Furthermore, the data presented
for the 2000s were recorded in the same range of depths as those
presented for the 1970s, allowing a straight comparison between datasets.
The data used for the "out" plots were collected at the Greag lsles station
and the data used for the "in" plots were collected at the Deepest,
Barcaldine and Bridge stations in the 1970s and at the Entrance, Deepest,
Fish Farm, Barcaldine and Bridge stations in the 2000s. Background
physical data are available in Chapter 2.
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4.1. Physics
4.1.1. Temperature
The temperature data compared in this section are the average
temperature values calculated for each sampling day for the years 1974-
75 and 2003-04.
A clear temperature trend can be identied within Loch Creran (Figure
4.1.). This trend shows in both decades, with low temperatures in winter
and in the early spring (6 - 10 °C), followed by a slow increase during the
spring and early summer. The highest temperatures (13 - 16 °C), during
both decades, were observed in late summer.
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Figure 4.1. Comparison of temperature between the years 1974-75 and 2003-04.
A paired t-test on monthly temperature averages was carried out using
Minitab in order to determine whether there is a significant difference
between the temperatures obsened. The results are summarised in Table
4.1. From the test carried out, there appear to be no significant
temperature differences (p>0.05) between the inside and the outside of
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the Loch in the 2000s, whereas the difference (increase) between the
1970s data and the 2000s inside the Loch data is signicant (p<0.05).
Table 4.1. Results of the paired t-test carried out on temperature data.
Comparison df T value P value
1970s in vs. 2000s in 7 4.09 0.006
2000s in vs. 2000s out 0.74 0.501
A similar series of paired t-tests was carried out on the 1974-75 and 2003-
04 temperature data in order to highlight any potential inter-annual
variability. The results of the tests showed that there is no signicant
difference between monthly meaned data for the years 1974 and 1975 or
between the years 2003 and 2004 (p>0.05).
4.1.2. salinity
The salinity data compared in this section are the average salinity values
calculated for each sampling day for the years 1974-75 and 2003-04.
lnside the Loch, the salinity varies little with time (Figure 4.2.). The salinity
range is usually 30 - 34 psu all year round for both decades, with a few
lower values (as low as 21 psu) occasionally observed. These low salinity
values reflect the freshwater input from River Creran into the upper layer
of the Loch itself.
A paired t-test was carried out on monthly salinity averages using Minitab
in order to determine whether there is a signicant difference between the
salinity observed. The results are summarised in Table 4.2. From the test
carried out, there appears to be a signicant salinity difference (p<0.05)
between the inside and the outside of the Loch in the 2000s, whereas the
difference between the 1970s data and the 2000s data is not signicant
(p>0.05).
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Figure 4.2. Comparison of salinity between the years 1974-75 and the 2003-04.
Table 4.2. Results of the paired t-test carried out on salinity data.
Comparison df T value P value
19703 in vs. 20003 in 7 2.02 0.083
20003 in vs. 20003 out 4 -3.24 0.032
A similar series of paired t-tests was carried out on the 1974-75 and 2003-
04 salinity data in order to highlight any potential inter-annual variability.
The results of the tests showed that there is no signicant difference
between the years 1974 and 1975 or between the years 2003 and 2004
(p>0.05).
4.1.3. Turbidity
The turbidity data compared in this section are the average attenuation
coefficients calculated for each sampling day for the years 1978 and 2003.
No data were available for the year 1975.
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Figure 4.3. Comparison of turbidity between the years 1978 and the 2003.
ln the 1970s the attenuation coefcient was low mid-winter and during the
summer months but increased at the end of the winter and in early spring
as well as in the autumn (Figure 4.3.). This trend could be explained by the
weather pattern in this part of Scotland: the periods of high turbidity
correspond to high rainfall. Another aspect to take into account is the
shading generated by the microplankton. Periods of high turbidity also
coincide with periods of high microplankton abundance. ln the 2000s the
turbidity pattern was quite similar to the one observed in the 1970s but
whereas the spring increase was a lot smaller than the one observed in
the 1970s, the autumn increase was more important. The higher
attenuation coefficients observed in Spring in 1978 correspond to the high
spring bloom of chlorophyll described in section 4.2.1.
A paired t-test was carried out on monthly attenuation coefcient averages
using Minitab in order to detemwine whether there is a signicant difference
between the attenuation coefcients observed. The results are
summarised in Table 4.3. From the test carried out, there appears to be no
signicant difference (p>0.05) between the 1970s and the 2000s inside the
Loch.
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Table 4.3. Results of the paired t-test carried out on attenuation coefcients.
Comparison df T value P value
11 -1970s in vs. 20005 in 2.09 0.061
4.2. Chemistry
4.2.1. chorophyÄ±
The chlorophyll data compared in this section are the average chlorophyll
values calculated for each sampling day for the years 1975 and 2003-04.
Inside Loch Creran, in the 1970s, the chlorophyll concentration (Figure
4.4.) was low during the winter and summer months and presented two
peaks: a high one in early spring and a much smaller one in autumn. In
the 2000s the chlorophyll concentration was on average lower. The spring
peak was still present, but it was a lot smaller than the one observed in the
1970s and no autumn peak was recorded in the 2000s.
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Figure 4.4. Comparison of chlorophyll concentration between the years 1975 and 2003-
04.
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The normality test carried out showed that the data available were not
normally distributed. A paired t-test was therefore carried out on monthly
chlorophyll log-transfomed averages using Minitab in order to determine
whether there is a signicant difference between the chlorophyll
concentrations observed. The results are summarised in Table 4.4. From
the test carried out, there appears to be a significant chlorophyll difference
(p<0.05) between the 1970s and the 2000s inside the Loch (decrease),
but the difference between the inside and the outside of the Loch in the
2000s was not signicant.
Table 4.4. Results of the paired t-test carried out on chlorophyll data.
Comparison df T value P value
1970s in vs. 2000s in 6 4.23 0.005
2000s in vs. 2000s out 0.50 0.652
A similar series of paired t-tests was carried out on the 2003-04 chlorophyll
data in order to highlight any potential inter-annual variability. The results
of the tests showed that there is no significant difference between the
years 2003 and 2004 (p>0.05).
4.2.2. Dissolved lnorganic Nitrogen (DIN)
The DIN data compared in this section are the average DIN values
calculated for each sampling day for the years 1975 and 2003-04.
Inside Loch Creran, the annual cycle of DIN concentration was very similar
for both decades (Figure 4.5.). The DIN concentration was high in late
autumn and winter but remained low in spring and summer.
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Figure 4.5. Comparison of DIN concentration between the years 1975 and 2003-04.
A paired t-test was carried out on monthly DIN averages using Minitab in
order to determine whether there is a signicant difference between the
DIN concentrations observed. The results are summarised in Table 4.5.
From the test carried out, there appear to be no signicant DIN differences
(p>0.05) between the 1970s and the 2000s inside the Loch, or between
the inside and the outside of the Loch in the 2000s.
Table 4.5. Results of the paired t-test carried out on DIN data.
Comparison df T value P value
19703 in vs. 20003 in 6 -1.29 0.244
20005 in vs. 20005 Out 0.93 \ 0.406
A similar series of paired t-tests was carried out on the 2003-04 DIN data
in order to highlight any potential inter-annual variability. The results of the
tests showed that there is no signicant difference between the years
2003 and 2004 (p>0.05).
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4.2.3. Dissolved Inorganic Phosphorus (DIP)
The DIP data compared in this section are the average DIP values
calculated for each sampling day for the years 1975 and 2003-04.
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Figure 4.6. Comparison of DIP concentration between the years 1975 and 2003-04.
Inside Loch Creran, the annual cycle of DIP concentration was similar for
both decades (gure 4.6.). The DIP concentration remained high in
autumn, winter and early spring but it was low in late spring and early
summer. The concentrations observed in the 2000s were however slightly
lower in late spring and early summer.
A paired t-test was carried out on monthly DIP averages using Minitab in
order to determine whether there is a signicant difference between the
DIP concentrations observed. The results are summarised in Table 4.6.
From the test carried out, there appear to be no signicant DIP differences
(p>0.05) between the 1970s and the 2000s inside the Loch, or between
the inside and the outside of the Loch in the 2000s.
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Table 4.6. Results of the paired t-test carried out on DIP data.
1970s in vs. 2000s in 6 0.16 0.876
20005 in vs. 2000s out 4 -0.39 0.716
Comparison df T value
P value `
A similar series of paired t-tests was carried out on the 2003-04 DIP data
in order to highlight any potential inter-annual variability. The results of the
tests showed that there is no signicant difference between the years
2003 and 2004 (p>0.05).
4.2.4. Particulate Organic Nitrogen (PON)
The PON data compared in this section are the average PON values
calculated for each sampling day for the years 1975 and 2003-04.
Inside Loch Creran, the annual cycle of PON concentration was similar for
both decades (Figure 4.7.). The PON concentration showed two peaks in
spring and autumn but it was lower in winter and summer. The
concentrations observed in the 2000s were however slightly higher in late
spring and during the summer months.
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Figure 4.7. Comparison of PON concentration between the years 1975 and 2003-04.
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A paired t-test was carried out on monthly PON averages using Minitab in
order to determine whether there is a significant difference between the
PON concentrations observed. The results are summarised in Table 4.7.
From the test carried out, there appear to be no significant PON
differences (p>0.05) between the inside and the outside of the Loch in the
2000s, whereas the difference (decrease) between the 1970s data and the
2000s data is significant (p<0.05).
Table 4.7. Results of the paired t-test carried out on PON data.
Comparison df T value P value
1970s in vs. 2000s in 6 9.15 0.001
2000s in vs. 20003 out 4 2.55 0.063
A similar series of paired t-tests was carried out on the 2003-04 PON data
in order to highlight any potential inter-annual variability. The results of the
tests showed that there is no significant difference between the years
2003 and 2004 (p>0.05).
4.2.5. Particulate Organic Carbon (POC)
The POC data compared in this section are the average POC values
calculated for each sampling day for the years 1975 and 2003-04.
lnside Loch Creran, the annual cycle of POC concentration was similar for
both decades (Figure 4.8.). The POC concentration showed a peak in
spring followed by a lower plateau in summer and a decrease in autumn
and winter. The concentrations observed in the 2000s were however
slightly lower in spring and early summer.
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Figure 4.8. Comparison of POC concentration between the years 1975 and 2003-04.
A paired t-test was carried out on monthly POC averages using Minitab in
order to determine whether there is a signicant difference between the
POC concentrations obsened. The results are summarised in Table 4.8.
From the test carried out, there appear to be no signicant POC
differences (p>0.05) between the inside and the outside of the Loch in the
2000s, whereas the difference (decrease) between the 1970s data and the
2000s data is signicant (p<0.05).
Table 4.8. Results of the paired t-test carried out on POC data.
Comparison df T value P value
19705 in vs. 20003 in 6 9.43 0.001
20003 in vs. 2000s Out 2.00 0.117
A similar series of paired t-tests was carried out on the 2003-04 POC data
in order to highlight any potential inter-annual variability. The results of the
tests showed that there is no signicant difference between the years
2003 and 2004 (p>0.05).
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4.3. Biology
4.3.1. Microplankton
Microplankton data were collected during the years 1970-1981 for the
1970s dataset and during the years 2003-2006 for the 2000s dataset. All
means and standard deviations were calculated from arithmetic data
before being log-transformed.
Total number of taxa:
The total number of taxa counted inside the loch was greater than the one
counted outside the loch for both decades (Figure 4.9.). A difference may
be expected between both sites as they have very different environments,
with Loch Creran being a shallow, semi-enclosed environment with some
level of anthropogenic inputs and limited mixing, whereas the control
station is deeper, more open and better mixed, with little direct human
inputs. However, the overall number of taxa counted in the 2000s is
greatly reduced compared to the 1970s. This is true for all groups inside
the study site, but is only true for the diatoms and dinoagellates at the
control station outside Loch Creran. Possible reasons for such a change
are presented and discussed in section 4.4.
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Figure 4.9. Comparison of total number of microplankton taxa between the 1970s and the
2000s both inside and outside Loch Creran.
(DIA = diatoms, DIN = dinoagellates, FLA = agellates, CIL = ciliates)
Relative abundance of main taxonomic groups:
ln the 1970s, the total abundance of diatoms and dinoagellates inside
Loch Creran was inferior to the one at the control station outside the Loch
(Figure 4.10.). On the contrary, the total abundance of agellates and
ciliates inside the Loch was superior to the one at the control station. This
trend was not observed in the 2000s: during this decade, all groups were
more abundant at the control station outside the Loch than they were
inside the Loch. Moreover, the total abundance of diatoms and
dinoagellates was greater in the 2000s than in the 1970s, both inside and
outside the Loch. For the agellates and ciliates, this was only true at the
control station outside the Loch.
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Figure 4.10. Comparison of microplankton total abundance (with standard deviation)
between the 1970s and the 2000s both inside and outside Loch Creran.
(DIA = diatoms, DIN = dinoagellates, FLA = agellates, CIL = ciliates)
A paired t-test was carried out in order to detemine whether the
differences observed were signicant. The results are presented in Table
4.9. From the tests carried out, there appear to be no signicant
abundance differences (p>0.05) between the inside and the outside of the
Loch in the 2000s and in the 1970s or between the 1970s data and the
2000s data (both inside and outside the Loch).
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Table 4.9. Results of the paired t-test carried out on microplankton data.
Comparison df T value P value
DIATOMS
1970s in vs. 2000s in 12 1.07 0.306
1970s out vs. 2000 out 5 0.31 0.772
1970s in vs. 1970s out 39 -1.17 0.249
2000s in vs. 2000s out 6 -0.11 0.917
DINOFLAGELLATES
1970s in vs. 2000s in 9 -0.52 0.618
1970s out vs. 2000 out 1 -0.99 0.503
1970s in vs. 1970s out 8 -0.96 0.363
2000s in vs. 2000s out 2 -1.01 0.420
FLAGELLATES
1970s in vs. 2000s in 5 1.01 0.361
1970s out vs. 2000 out Not enough data available
1970s in vs. 1970s out 4 1.10 0.333
2000s in vs. 2000s out 3 -2.24 0.111
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Moreover, it was considered that if there were no signicant changes
between the two decades, an equal number of 2000s data points should
be present above and below the 1970 median. ln order to determine
whether the differences observed on the graphs were significant, a Chi-
square test comparing the number of 2000s points above and below the
1970s median was carried out as part of the HPLP3Cc Matlab routine,
using the following equation:
X2 = :(0-Ef/E
with:
E=v/2
Where:
O Number of 2000s data points observed above the 1970s
median
E Number of 2000s data points expected above the 1970s
median
N Total number of 2000s data points
Dominant diatoms:
Inside Loch Creran, the dominant diatom taxa observed, in terms of
abundance were: Skeletonema costatum (1 ,487,002 celIs.L'1 on average),
Chaetocems species (84,550 cells.L'1 on average), Leptocylindrus species
(41,442 cells.L'1 on average) and Thalassiossira species (4,037 cel|s.L'1
on average).
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Figure 4.11. Comparison of Skeletonema costatum's abundance between the 1970s and
the 2000s, inside Loch Creran. The 1970s data are represented as small black dots, with
the median and 95 percentile envelope for this data set represented as blue doted lines.
The 2000s data are represented by the large red dots.
Inside Loch Creran in the 1970s, Skeletonema costatum's abundance
presents two peaks: one in Spring and a smaller one in Autumn (Figure
4.11). The chi-square test comparing the 2000s and the 1970s abundance
values returned a value of 17.86 (5 points above the median and 30 points
below) and proves that there is a signicant difference (decrease) between
the two decades observed (for p=0.05 and df=1).
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Figure 4.12. Comparison of Chaetoceros species' abundance between the 1970s and the
2000s, inside Loch Creran. The 1970s data are represented as small black dots, with the
median and 95 peroentile envelope for this data set represented as blue doted lines. The
2000s data are represented by the large red dots.
Chaetoceros species' abundance inside Loch Creran in the 1970s shows
an increase in the spring, followed by a peak in the summer and a slow
decrease in the autumn (Figure 4.12). The chi-square test oomparing the
2000s and the 1970s abundance values returned a value of 0.04 (12
points above the median and 13 points below) and proves that there is no
signicant difference between the two decades obsened (for p=0.05 and
df=1).
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Figure 4.13. Comparison of Leptocylindrus species' abundance between the 1970s and
the 2000s, inside Loch Creran. The 1970s data are represented as small black dots, with
the median and 95 percentile envelope for this data set represented as blue doted lines.
The 2000s data are represented by the large red dots.
Leptocylindrus species inside Loch Creran in the 1970s are fairly constant
throughout the sampling period, with slightly raised figures in the Summer
and Autumn (Figurer 4.13). The chi-square test returned a value of 4.18 (9
points above the median and 20 points below) and proves that there is a
significant difference between the two decades observed (for p=0.05 and
df=1).
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Figure 4.14. Comparison of Thalassiossira species' abundance between the 1970s and
the 2000s, inside Loch Creran_ The 1970s data are represented as small black dots, with
the median and 95 percentile envelope for this data set represented as blue doted lines.
The 2000s data are represented by the large red dots.
Thalassiossira species' abundance inside Loch Creran in the 1970s
shows a peak in the spring and values remain relatively high during the
Summer and Autumn (Figure 4.14). The chi-square test gave a value of 2
(20 points above the median and 12 points below) and proves that there is
no signicant difference between the two decades observed (for p=0.05
and df=1).
Outside Loch Creran in the 1970s, the dominant diatom taxa observed, in
terms of both abundance and biomass, were: Skeletonema costatum
(1,430,642 cells.L" on average), Chaetoceros species (145,166 cells.L'1
on average) and Thalassiossira species (2,368 celIs.L" on average).
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Figure 4.15. Comparison of Skeletonema costatum's abundance between the 1970s and
the 2000s, outside Loch Creran. The 1970s data are represented as small black dots,
with the median and 95 percentile envelope for this data set represented as blue doted
lines. The 2000s data are represented by the large red dots.
Skeletonema costatum's abundance outside Loch Creran in the 1970s
shows high values in Spring and Summer (Figure 4.15). The chi-square
test carried out returned a value of 0.11 (4 points above the median and 5
below) and proves that there is no significant difference between the two
decades observed (for p=0.05 and df=1).
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Figure 4.16. Comparison of Chaetoceros species' abundance between the 1970s and
the 2000s, outside Loch Creran. The 1970s data are represented as small black dots,
with the median and 95 percentile envelope for this data set represented as blue doted
lines. The 2000s data are represented by the large red dots.
Chaetoceros species' abundance outside Loch Creran in the 1970s shows
a long period of high values during the Summer (Figure 4.16.). The chi-
square test carried out returned a value of 0.66 (2 points above the
median and 4 below) and proves that there is no significant difference
between the two decades observed (for p=0.05 and df=1).
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Figure 4.17. Comparison of Thalassiossira species' abundance between the 1970s and
the 2000s, outside Loch Creran. The 1970s data are represented as small black dots,
with the median and 95 percentile envelope for this data set represented as blue doted
lines. The 2000s data are represented by the large red dots.
Thalassiossira species' abundance outside Loch Creran in the 1970s
shows a long period of higher values during the summer (Figure 4.17).
The chi-square test carried out returned a value of 2 (6 points above the
median and 2 below) and proves that there is no significant difference
between the two decades observed (for p=0.05 and df=1).
Dominant dinoflagellates:
Inside Loch Creran in the 1970s, the dominant dinoflagellate taxa
observed, in terms of both abundance and biomass, were: Peridinium
trochoideum (6,739 oells.L'1 on average) and Gonyaulax species (4,460
cells.L" on average).
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Figure 4.18. Comparison of Peridinium trochoideum's abundance between the 1970s and
the 2000s, inside Loch Creran. The 1970s data are represented as small black dots, with
the median and 95 percentile envelope for this data set represented as blue doted lines.
The 2000s data are represented by the large red dots.
Peridinium trochoideum's abundance inside Loch Creran in the 1970s
shows a long period of higher values from Spring to early Autumn (Figure
4.18.). The chi-square test gave a value of 6 (6 points above the median
and 18 below) and proves that there is a significant difference (decrease)
between the two decades observed (for p=0_05 and df=1)_
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Figure 4.19. Comparison of Gonyaulax species' abundance between the 1970s and the
2000s, inside Loch Creran. The 1970s data are represented as small black dots, with the
median and 95 percentile envelope for this data set represented as blue doted lines. The
2000s data are represented by the large red dots.
Gonyaulax species' abundance inside Loch Creran in the 1970s shows a
peak in Autumn (Figure 4.19.). The chi-square test gave a value of 8.04
(17 points above the median and 4 below) and proves that there is a
significant difference (increase) between the two decades observed (for
p=0.05 and df=1).
Outside Loch Creran, too few data are available to carry out any
comparison on dinoagellate taxa_
Dominant agellates:
Inside Loch Creran in the 1970s, the dominant flagellate taxa obsened, in
terms of both abundance and biomass, were: small agellate species
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(959,142 cells.L'1 on average), Eutreptiella species (9,428 cells.L" on
average) and silicoagellate species (3,939 cells.L'1 on average).
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Figure 4.20. Comparison of small agellate species' abundance between the 1970s and
the 2000s, inside Loch Creran. The 1970s data are represented as small black dots, with
the median and 95 percentile envelope for this data set represented as blue doted lines.
The 2000s data are represented by the large red dots.
Small agellate species' abundance inside Loch Creran in the 1970s
appears constant throughout the year (Figure 4.20.). The chi-square test
gave a value of 38.34 (2 points above the median and 44 below) and
proves that there is a significant difference (decrease) between the two
decades observed (for p=0.05 and df=1).
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Figure 4.21. Comparison of Eutreptiella species' abundance between the 1970s and the
2000s, inside Loch Creran. The 1970s data are represented as small black dots, with the
median and 95 percentile envelope for this data set represented as blue doted lines. The
2000s data are represented by the large red dots.
Eutreptiella species' abundance inside Loch Creran in the 1970s shows a
peak in the spring and another, smaller increase in the Autumn (Figure
4.21.). The chi-square test gave a value of 1.96 (16 points above the
median and 9 below) and proves that the difference observed between the
two decades is not significant (for p=0.05 and df=1).
104
Cell number: LF2 no 49; station: 300 to 399; years: 1970 to 1981
9 ' ' ! f ! ! f ! ' ' '
depthfs -1 td 10; minfmult was x100, 93 samples frorrfAllphytQCel txt ] 2
8___.__ ..... ...... .._._. .._... _.... ...__. ...... .t.... .2.....,.....,.,_...,... ._
7-......._.....~....,...~.......-........\......_\......_......._. ....A..2....º.......4.... .._
ces/L
0
Ol'|'Tl
U
1.3.
v _.
log0e.âº
`- aa_ i ,
.&.= i i 5 -2 2 =_. .§.= 5
3|;-:A:±-=~;-:;;±-es-3;-=.=2º+-~--:-==-±;:~-§~::~±;±'--;-3;:-L;-â 
2-~~~~~-----------------------~~~~~------~~~~~~~~~~~~~~~~~~------------~-
4 º m'e<1an. å < medàn, cm-'sq = 0 33333 E 0 300-3992 2004-äoos; -12-10 m, `LF2=49
1 _0 3| 59 90 120 151 181 212 243 273 304 334 365
day in year
Figure 4.22. Comparison of silicoagellate species' abundance between the 1970s and
the 2000s, inside Loch Creran. The 1970s data are represented as small black dots, with
the median and 95 percentile envelope for this data set represented as blue doted lines.
The 2000s data are represented by the large red dots.
Silicoagellate species' abundance inside Loch Creran in the 1970s
appears to peak in the Autumn (Figure 4.22.). The chi-square test gave a
value of 0.66 (4 points above the median and 2 below) and proves that
there is no significant difference between the two decades observed (for
p=0.05 and df=1).
Outside Loch Creran, too few data are available to carry out any
comparison on flagellate taxa.
Dominant ciliates:
Unfortunately, not enough data were available to compare individual ciliate
taxa abundance.
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Conclusion:
The only taxa showing a significant difference between the two decades
are Skeletonema costatum, Leptocylindrus, Gonyaulax, Peridinium
tricheodinium and small flagellates. Some of these taxa can be difficult to
identify or count (particularly the small flagellates) and despite basic
quality control measures (see Chapter 3), there is a chance that human
error could be responsible for some of the differences observed. This is
further discussed section 4.4.1. of Chapter 4. The statistics carried out on
group mean abundances do not however suggest any signicant
difference between the two decades. The differences observed in the
individual taxa analysis are therefore likely to be taxon-specic rather than
linked to a global change in phytoplankton abundance.
4.3.2. Mesozooplankton
No mesozooplankton data were available for the 1970s, so only the data
collected during the 2000s sampling campaign are presented in this
section.
Total number of taxa:
ln the 2000s, the number of species observed was greater inside the loch
(31 species recorded inside the Loch and 25 outside), and so was the
proportion of unique species (14 unique species inside the Loch and 7
outside). A summary of the data is presented in Table 4.10.
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Table 4.10. Zooplankton presence and absence inside and outside Loch Creran in the
2000s.
Taxon Taxon
Polychaeta Iarvae
Acartia spp
Metridia lucens
Lamillibranch Iarvae
Echinoderm Iarvae
Echinoderm post-lan/ae
Appendicularia
Fish eggs
Fish lanae
Paracalanus parvus
Microcalanus spp
Paracontella brevicornis
Gymnoplea spp
Caprellidae spp
Pagurus spp
Brachyuran Iarvae
Cladocera spp
Balanus balenoid
Obelia spp
Euphsya spp
Inside Outside
«I «I
«I
«I
«I
44444444444
«I
«I
44444444
«I
«I
«I
«I
Zoea spp
Portunus puber
Pendalina spp
Medusa spp
Anomuran lan/ae
Proboscidae spp
Processa canaliculata
Thecosomatus spp
Mitrocomella spp
Jascaea spp
Thysanoessa spp
Teberrid lan/ae
Phialidium hemispherium
Polynoid lanae
Prosobranch spp
Tintinnid spp
Radiolarae spp
Gastropod eggs
Siphonophora spp
Inside Outside
«I «I
«I
«I
444444
«I
«I
«I
444444444
«I
«I
«I
«I
Total
0_Ä±
NU
4.4. Discussion
The first aim of this research project was to compare the status of the
pelagic system observed in the 1970s to the one observed in the 2000s in
the study sea loch, by studying a variety of physical, chemical and
biological water properties. The results presented in this chapter suggest
that there have been some signicant changes in some physical
(temperature), chemical (chlorophyll, particulate organic nitrogen and
carbon) and biological (some microplankton species' abundance)
properties of the water. The rest of the water properties described did not
however show any signs of change. A summary of the ndings is
presented in Table 4.11.
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Table 4.11. Summary of the parameters tested for change and ndings.
Parameters Signicant difference
Tested
Temperature Yes - increase
Salinity No
Turbidity No
Chlorophyll a Yes - decrease
DIN No
DIP No
PON Yes - decrease
POC Yes - decrease
Microplankton abundance No
Individual taxa abundance Yes for some species
Un-tested
Microplankton diversity N/A
Mesozooplankton diversity N/A
Some explanations for the possible origin of the changes observed (or lack
thereof) are given below.
4.4.1. Methodology
Difference in sampling reqimes:
The sampling effort was greater in the 1970s than in the 2000s (both in
terms of the number of years and the number of samples taken each
year). This could have had an impact on a number of the comparisons
carried out in this chapter but is particularly important with regards to the
phytoplankton. Species richness indeed tends to increase with sampling
effort, and this could potentially explain some of the differences obsened
in individual taxa abundances between the two sampling periods. This
explanation could potentially account for the presence of rare taxa in the
1970s data set.
Moreover, although the stations sampled in the 1970s were sampled again
in the 2000s, some extra stations within Loch Creran were also sampled in
the 2000s. The data sets presented in this chapter combine the
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measurements obtained from all stations for each period. This might have
affected some of the comparisons as the newly sampled stations could
potentially have very different water properties. This could be particularly
important with regards to the chemical parameters considered in this
study.
Another point to take into account is the different distribution of data within
months. ln the years 2000s, the sampling effort was concentrated on the
Spring and Summer months, with occasional sampling in Autumn. This, in
theory, should allow a straight comparison with a similar period in the
1970s. There is however a chance that the distribution of data within a
particular month was different. This is particularly important in the spring,
when the diatom bloom is most likely to occur in Loch Creran. Such a
spring bloom is generally short lived and the choice of sampling dates at
that time of the year can be critical. The low chlorophyll concentrations as
well as some of the lower phytoplankton abundances observed in the
2000s could be explained by the fact that no samples were taken at the
height of the bloom during the 2003-2006 sampling campaign.
Such problems are however inherent to the nature of the study and no
straightfonvard solutions are available for the analysis of such data sets. It
is however worth noting that an appropriate sampling regime might lessen
the problem. A study of phytoplankton and related variables in a Long
Island salt marsh was carried out by Moll & Rohlf (1981) and was
designed to incorporate three major sources of variation in the sampling
regime: spatial, short-term temporal, and long-term temporal. The authors
used a combination of multivariate (MANOVA and factor analysis) and
univariate (ANOVA) data analyses to examine the relative importance of
each source of variation in 11 variables and to aid in the ecological
interpretation of the data. The MANOVA conrmed that all three sources of
variation were signicant but that temporal variation (weekly sampling and
at different times of the day) was more important than spatial variation
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(sampling at different stations). The authors also concluded that sampling
a dynamic, tidally-driven system should not be carried out on a daily basis
because tidal ushing and diurnal changes in primary production induce a
large amount of variation into the concentrations of phytoplankton and
related variables within the sampling area.
Similarly, a more advanced statistical analysis might offer a more thorough
interpretation of these types of data sets. Another study, not dissimilar to
this project, was carried out in South Georgia by Ward et al. (2003),
looking at potential changes in plankton community between the 1920s
and the 1990s. In order to highlight any potential changes, the authors first
carried out a q type cluster analysis based on the Bray-Curtis similarity
and group average Iinkage classication (Field et al., 1982). They then
performed a SIMPER (similarity percentages) routine on both data sets to
examine how much each taxon contributed to the average sample
similarity within, and dissimilarity between groups (Clarke and Wanvick,
2001). The authors also looked at inter-annual variability by examining
plankton abundance at a series of stations and estimating the variance
components for cruises, stations and the residual to assess which
component inuenced the comparison most. In addition they calculated
the percentage similarity index (PSI: Whittaker, 1952; Rebstock, 2001) of
taxa across cruises rather than making comparisons between individual
species on the basis of their absolute abundance, as done in this study.
Differences in methods of analysis:
Although the sampling methods and analyses carried out in the 2000s
were as close as possible to those used in the 1970s, some variations
have occurred and might account for some of the changes presented in
the chapter.
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The determination of the attenuation coefcient is an example. In the
1970s, the attenuation coefcient was measured using a submersible
photometer (see Chapter 3 for details) whereas in the 2000s, it was
derived from secchi depth measurements. The comparison presented in
this chapter partly relies on the accuracy of conversion of Secchi depth to
attenuation coefcient. The fact that there is a general agreement between
1978 and 2003 from day 150 onwards (see Figure 4.3.) suggests that the
Secchi to attenuation coefcient conversion is reliable.
Another important issue is the comparability of the enumeration and
identication methods in the two decades. There is a chance that some of
the differences observed are due to human error rather than external
causes. This is most likely to be the case with taxa which are difficult to
count or identify, such as the small agellates. However, as stated in
Chapter 3 (section 3.4.1.), basic quality control was put into place to
ensure continuity and limit the impact of observer differences on
microplankton data.
The use of Matlab:
Finally, the use of powerful software such as Matlab for data processing
can lead to the presence of inaccuracies in the datasets.
One example is the production of the microplankton individual taxa plots
created with Matlab. During the winter, few cells were observed and this
means that no points were plotted on some of the figures. The envelopes
and the medians were however calculated and drawn on each plot, based
on interpolations of the data available, providing a smooth transition
between autumn and spring. This does not reect the reality and care
should be taken when interpreting the results.
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Another example is the sections presented in Chapter 2 to introduce
background data on water properties. Although a lot of data were available
for the design of these sections, the software had to interpolate and
extrapolate data between stations and between depths within stations in
order to present a full prole. This, on occasions, can lead to the creation
of pockets" where the lack of data produces very broad estimates of water
properties which can be rather far from reality.
Research carried out by Portilla (unpublished work) on the contouring of
variables in Scottish Sea Lochs using the statistical software R assessed
the reliability of the interpolation technique used on such sections. The
author used Generalized Additive Models (Venables & Ripley, 1994) to
interpolate water property data between the 2000s Loch Creran sampling
sites presented in this thesis using three covariates: distance from the
mouth of the loch, depth and distance from the bottom. To deal with the
fact that they were expressed in different dimensions using different units,
the covariates were transformed to range between 0 and 1 using the
method described by Legendre & Legendre (1998). The author tested the
models on three water property variables (water density, oxygen and
fluorescence) and found that the model showed a good t between
obsenations and predictions with an overall reliable interpolation between
sampling stations, suggesting that the sections presented in section 2.2.2.
of Chapter 2 are a good representation of the actual physical properties of
the water column. The interpolation between the stations furthest away
from each other (i.e. between Greag lsles" and Entrance", about 8 km)
seemed less reliable however and the author suggested using a different
interpolation technique, such as the Inverse Distance Weighted method
which is simple to apply and requires no modelling of the spatial
distribution of the data, or the Krigging (Spatial Autocorrelation) method
which describes the extinction of a variable in function of its distance from
the source point.
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4.4.2. External causes
Cessation of the alginate extraction plant's activities:
ln the 1970s, Alginate Industries Ltd. were running a kelp processing
factory for alginate extraction in Barcaldine, on the shores of Loch Creran.
The plant output was discharged, presumably untreated, straight into the
Loch. The exact composition of the effluents was unknown at the time, but
it was assumed to contain signicant quantities of carbon, phosphorus and
nitrogen in particulate, dissolved organic and dissolved inorganic forms
(Jones, 1979). A number of studies were carried out on alginate extraction
wastes more recently (Sivasubramanian, 2007; Vignesh et al. 2006) and it
is commonly agreed that the waste from this type of plant is composed of
a solid discharge made of the remains of seaweeds after the extraction of
alginates, and a liquid discharge made of the wash water of the seaweeds.
This wash water is acidic and contains mostly organic Total Dissolved
Solids (TDS), sea salts and sea sand. The nature of the efuent suggests
a number of potential impacts on the microplankton community.
No exhaustive study of the impact of the plant discharge on Loch Creran's
pelagos was carried out, but Jones (1979) suggested that the factory,
following an increase in the scale of its operations in 1975, could have had
an impact on the water quality of the Loch through the appearance of
decaying particulate material in the intertidial region close to the factory
outfall pipe. The statistical tests carried out in section 4.2.4. and 4.2.5.
showed that particulate organic matter concentrations changed
significantly over the past three decades. The cessation of activities from
this plant is likely to be the cause of the decrease obsened.
The solid discharge is likely to sink to the sea bed rapidly and form a
deposit, which can lead to a shift in benthic communities. The new benthic
community in place could in turn induce changes to its local environment,
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such as a different nutrient cycling pattern and oxygen depletion (Kutti et
al. 2007). The fact that this deposit is mostly made of plant material
suggests a potential increase in recycled nutrients in the lower layer of
water near the pipe outflow. With more nutrients available, phytoplankton
biomass is likely to increase (Shollhorn & Granéli, 1996; Niraula at al.,
2007). After the factory stopped its activities, the nutrient levels would
have slowly decreased to their natural low background levels. This could
explain why some phytoplankton counts in the 1970s were higher than
those in the 2000s. However, according to the data presented in section
4.2.2. and 4.2.3., the nutrient concentrations in Loch Creran have not
changed over the last three decades, and this explanation seems
therefore unlikely. But the introduction of aquaculture (both finfish and
shellfish) has brought changes in the nutrient budgets (see Chapter 6) and
this is further discussed in the next section.
The dissolved inorganic nutrients from the plant were discharged with the
rest of the waste in the lower layer of the Loch, near the sediments. Jones
(1979) does not mention that this input was signicant in relation to other
nutrient inputs in the Loch. A possible reason for this is the potentially high
sequestration ability of Loch Creran's sediments with regards to nutrients.
If nutrient trapping was important and resuspension was low, this could
also explain why nutrient concentrations do not appear to have changed
over the past three decades. Another possible reason for this is that the
anthropogenic inputs of nutrients were (and still are) small compared to
the natural background nutrient concentration in the Loch. This would
make changes in anthropogenic nutrient concentrations difcult to
measure with the sampling strategies used in this project.
The liquid discharge being acidic, it was likely to induce a local shift in
communities (Bortnikova et al., 2001), particularly with smaller organisms
such as plankton. After the factory activities stopped, the pH of the water
near the pipe outfall would have returned to its nomal value and the initial
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community would have been restored over time. This could explain some
of the changes in microplankton community observed between the two
decades.
Further work carried out by Whyte (personal communication) suggests that
the efuent of the alginate extraction plant could have been responsible for
some increase in phytoplankton abundance in Loch Creran. A study
carried out on the decomposition of pulp mill waste in Loch Eil (Scotland)
by Pearson (1982) showed that all the carbon input to the sediments was
quickly remobilised and entered the loch. Assuming that this was also true
for Loch Creran, and based on the mean volume of Loch Creran
calculated by Tyler (1983), Whyte estimated that the alginate factory
effluent concentration in the Loch would be 0.43 g.mL". A study by
Cronin and Tyler (1980) estimated the following annual inputs of organic
carbon to Loch Creran:
o Rivers 1 100 tonnes ±150
o Phytoplankton 800 tonnes ±150
o Macro-Algae 300 tonnes ±100
ø Alginate Factory 800 tonnes ±100
Using these figures, Whyte estimated that during its operation the alginate
factory supplied between 27% and 50% of the organic carbon to the loch.
Such a high percentage could explain the signicant reduction in POC as
well as some of the decreases in phytoplankton individual taxa obsened
in the 2000s.
Introduction of aquaculture to the loch:
Loch Creran has been used for aquaculture since the 1970s but it was
only in the 1980s that large scale farms were introduced. There are
currently in Loch Creran two large nsh farming sites used alternatively
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by Scottish Sea Farms (SSF) and seven Crown Estate Commission (CEC)
leases for shellfish farming used by the Caledonian Oyster Co., Rubha
Mor Oysters and Shuna Shellsh. The Caledonian Oysters Co. also runs a
depuration plant on site and SSF run a sh processing factory in South
Shian. Fish faming leads to a wide range of ecological issues (Bushman,
Lopez & Medina, 1996) and a number of them could be responsible
(directly or indirectly) for the changes observed in Loch Creran's water
properties.
Fish farms require the establishment of articial structures, including cages
and moorings. Although the impact of these structures is difficult to
distinguish from the impact of the farming activity itself, there is evidence
that they modify the physical environment (Davenport et al. 2003). They
reduce light penetration, current speed and wave actions and provide
articial habitats for a variety of organisms. This is very likely to induce
community changes at the location of the fam. Some of the phytoplankton
changes observed might be due to the fact that the physical environment
around fish cages is not ideal for phytoplankton growth due to increased
disturbances, particulate matter, turbidity and a possible change in local
community. lt might also explain some of the shifts in species composition
as some taxa will be more tolerant to disturbance than others. The artificial
habitats created may also modify grazers' abundance and/or distribution,
and therefore impact the phytoplankton (Leising et al., 2005).
Another issue with salmon farming is the need for large inputs of feed. The
conversion efciency of feed to aquaculture product is around 20% at best
(Black, 2003), meaning that 80% percent of the feed released at the site of
a fish farm is wasted, either directly or in faeces form. The Loch Creran
fish farm is equipped with automatic feeders to limit over-feeding and
funnel-like cages to recycle part of the wasted feed. This system is not
however 100% efcient and some particulate and soluble waste are still
generated. Particulate wastes tend to drop quickly to the sea-bed and form
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a deposit under the cages. This will have the same consequences as the
one described in the previous section (Cessation of the alginate extraction
plant's activities). Soluble wastes from salmon farming include rather
large quantities of ammonia, phosphorus, dissolved organic nitrogen
(DON) and dissolved organic phosphorus (DOP) (Scottish Executive,
2002). These are the main source of nutrient for phytoplankton and it is
likely that the presence of a sh farm in a semi-enclosed environment will
generate an overall increase in phytoplankton abundance (Aure &
Stigebrandt, 1990; Gowen & Ezzi, 1992)). In Loch Creran however,
although some microplankton taxa have become more abundant, some
others have decreased. A plausible explanation is that in the case of Loch
Creran, the presence of shellfish farming sites might reduce the impact of
the salmon farm (Mazzola & Sara 2001; Stirling and Okumus, 1995). This
is discussed further down this section.
F inally, nsh culture is dependent on the use of medicines and chemicals
to control the biological environment within the culture system (Davenport
et al., 2003). Antibiotics, antiparasitics, fungicides, herbicides and
disinfectants are routinely used at most farms. Little is known about the
direct impact of these chemicals on phytoplankton, but a number of
studies have been carried out on other taxonomic groups and have shown
a range of possible impacts, from death (Ernst et al., 2001) to increased
intersex ratios (Ford et al., 2007) leading to population decrease. lt is
therefore possible that the presence of chemicals in the water will affect
the phytoplankton, i not directly, through a predator community shift.
Bivalve farming induces an increased grazing pressure on the
phytoplankton (Dolmer, 2000). In some areas of intensive farming,
mussels have replaced copepods as the main grazing organisms.
increased bivalve farming in Loch Creran is likely to induce a decrease in
the overall phytoplankton abundance. There is also evidence that mussels
feed discriminately, grazing on some phytoplankton species more than
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others (Rouillon et al, 2007). This could explain the shift in species
composition observed in Loch Creran.
However, further work carried out by Whyte (personal communication)
suggests that this is unlikely to be the case. The estimation of bivalve
production in Loch Creran for 2008 was estimated at 148x103 kg of
oysters and 80x103 kg of mussels. Based on the clearance rates
calculated by Smaal and Zurburg (1997) and the ash free dry weight of
Mytilus edulis estimated by Stirling and Okumus (1995) and Cheshuck et
al. (2003), Whyte calculated a range of clearance rates in Loch Creran of
3.43º<1o7 L.h' to 7.2s2º<1o7 L.h-1 for oysters and 4.17eº<1o6 L.h'1 io
1.512x107 L.h'1 for mussels. Considering the ushing time of Loch Creran
and assuming that the bivalves filter continuously, a rough, consenative
estimation of the volume cleared would be between 3.01x105 m3 and
5.22x106 m3 of water per flushing period. When compared to the mean
volume of the Loch as calculated by Tyler (1983), Whyte estimated that
the bivalves would be capable of filtering between 0.2% and 3.47% of the
main basin during a ushing period. Although these are only estimates,
they clearly show that bivalve farming is unlikely to be the sole cause of
the chlorophyll and phytoplankton decline observed in Loch Creran.
Although both types of aquaculture in isolation can have adverse effects
on phytoplankton communities, there is now evidence that integrated
polyculture can minimise the impacts of aquaculture at the ecosystem
scale (Mazzola & Sara 2001; Stirling and Okumus, 1995). In Loch Creran,
the salmon farm is likely to produce large amounts of organic waste and
therefore promote the growth of phytoplankton. The bivalve farms however
are likely to be an important contributor to the overall grazing pressure on
phytoplankton, therefore reducing its abundance at basin level. The
difference in phytoplankton species composition between the 1970s and
the 2000s could be explained by other sources of pollution, like changes in
the physical environment or the use of chemicals. Generally speaking,
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phytoplankton changes around aquaculture infrastructures tend to be very
local, resulting from changes in the physical environment (Black, 2001). ln
the case of Loch Creran, the most likely factor responsible for the
microplankton changes observed would be a basin-scale change in
nutrient concentrations. The data presented in this chapter do not however
indicate any signicant change in nutrient concentrations.
Changing land use:
There is a possibility that the land use in the Creran catchment has
increased over the past three decades. Loch Creran is situated in a
remote part of the Scottish Highlands and the catchment is scarcely
populated, but some potentially polluting activities are taking place, such
as forestry and cattle farming. Both generate some amount of organic
waste which will be ushed into Loch Creran, contributing to phytoplankton
growth. The impact of these activities in Loch Creran was considered
insignicant in the 1970s (Jones, 1979) and might still be so, but no
measurements of it have been made during the 2000s sampling
campaign.
Changes in weather patterns:
A possible origin for the changes obsened is a general change in weather
patterns over the last three decades. There is a lot of evidence
documenting climate change and its potential effect on coastal waters. A
few of them are described below.
A change in air temperature will induce changes in the surface layer of
water. This can have both direct and indirect impacts on phytoplankton
growth. The warming of the upper layer water can lead to stratication in
the water column and cooler weather can on the contrary cause more
frequent mixing events. This will affect nutrient uxes in the water column
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(Kamykowski & Zentara, 2005) and phytoplankton growth (Esparza-
Alvarez, Herguera and Lange, 2007). A significant increase in water
temperature such as those observed in Loch Creran (see section 4.1.1.)
can also induce changes in the community higher up in the food chain by
making the environment unsuitable for some organisms or on the contrary,
opening a niche for others. An example of this is the increase in jellyfish
population observed at a number of locations, such as the one described
by Brodeur et al. (2008) in the Bearing Sea. lncreasing wild mussel
populations have also been reported in Scotland, and Loch Creran is no
different with the local population reporting a noticeable increase in wild
mussel abundance in the intertidal zone. This is likely to increase the
grazing pressure on phytoplankton and could explain a reduced
abundance and biomass (Møller and Riisgård, 2007; Riisgård, 1998). The
Continuous Plankton Recorder (CPR) Survey has provided both climate
and pelagic community data for the North Atlantic ecosystems for over
seventy years. From this data, a number of plankton studies have been
carried out to look at potential changes in communities and highlighted a
number of changes. In particular, a study carried out by Beaugrand (2008)
presented new analyses of sea-surface temperature changes and showed
that climate change is affecting ecosystems of the North Atlantic. Changes
were seen from phytoplankton to zooplankton to sh and appeared to be
modifying the dominance of species and the structure, the diversity and
the functioning of marine ecosystems. Section 4.1.1. shows that there
have been signicant changes in water temperature in Loch Creran over
the past three decades and the Fisheries Research Service (2003) conrm
an increase of 0.2°C to 0.4°C in the seas of North-West Scotland. lt is
therefore possible that similar changes to those observed by Beaugrand
(2008) are taking place in Loch Creran.
There is evidence for a changing rainfall regime in Scotland (Hulme &
Jenkins, 1998; Amel, 1996; Roald, 1998). Rainfall can be a big contributor
to nutrient inputs into coastal waters, through land runoff of river water
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input (Loh et al., 2007). Increased precipitation could cause more nutrients
to be available in coastal waters. This would benet the phytoplankton
community and in extreme cases could lead to eutrophication in regions of
restricted exchange. However, increased freshwater input in coastal
waters is also likely to create a stronger stratication which may partially
inhibit phytoplankton growth.
4.5. Conclusion
When comparing the data sets from the 1970s to those of the 2000s,
changes in physical (temperature), chemical (chlorophyll, PON and POC),
and biological (abundance of some microplankton taxa) properties of the
water column have been highlighted. Nutrient concentrations however
appear to be unchanged despite the introduction of a large sh farm. The
changes obsened are likely to have a combination of origins, amongst
which are: the cessation of a kelp processing plant's activities; the
introduction of a large fish farm and several bivalve farms; increased land
use and some change in weather patterns.
The methodology used to treat the data might also have had an impact on
the results. In particular, differences in sampling regimes, methods of
sampling and analysis and the use of mathematical software for data
processing might explain some discrepancies between the two decades.
These are however unlikely to be the sole origin of the changes obsened.
The lack of changes obsened in dissolved inorganic nutrient
concentrations could also have a diversity of origins, from a modification in
the circulation patterns and ushing rates of the Loch to the sequestration
of nutrients in the sediments. Another hypothesis is that the potential
changes in anthropogenic nutrient inputs are negligible compared to the
background nutrient concentration of Loch Creran.
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CHAPTER 5
MODEL AND MODELLING METHODS
This chapter describes the Assimilative Capacity (AC) model developed
during the project presented in this thesis. The aims and origins of this
new model will be presented rst, followed by a description of the model
and the presentation of its verication.
5.1. Aims of the modelling work
The obsenational work carried out on Loch Creran and presented in
Chapters 3 and 4, as well as the sampling campaigns carried out in the
1970s at the same site, provided a wealth of data describing some
aspects of the physics, chemistry and biology of the Loch. Although the
data were abundant and reliable, the links between the different
parameters studied still had to be highlighted. From this arose the need to
create a simple, dynamic model which would describe the physics and
biology of Loch Creran. This model was created for four main purposes; all
of which are described below.
5.1.1. To help understand the processes within Loch
Creran
The first aim of the modelling work was to help understand the processes
taking place within Loch Creran. ln order to achieve that, all the data
collected during the sampling campaigns, both in the 1970s and in the
2000s, were treated and input into a simple three-box model describing
the basic physical and biological processes taking place within the Loch
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(the model is described in more detail in sections 5.3 and 5.4). The values
of most state variables and parameters were available in the literature,
others had to be measured or estimated during the obsenational work.
The first model was built to represent the year 1975. This first step helped
in refining the author's understanding of the water circulation patterns
inside the loch, as well as the importance of the water exchanges between
Loch Creran and the boundary water body. Some important interactions
between physical and chemical processes were also highlighted at that
stage.
5.1.2. To help predict what might happen under different
scenaos
The second aim of the modelling work derives directly from the first one.
Once the physical and biological processes taking place within Loch
Creran were understood to a satisfactory level, this knowledge could be
used to help the author predict how such processes could be altered
under different scenarios. Changing the value of a single state variable or
parameter (or a combination of them) might have a range of impacts on
the output of the model, from almost imperceptible alterations to major
imbalances. Knowing which variables and parameters are important, and
proposing a variety of scenarios with a different value for each one can
help predict potential changes in the environment studied. Chapters 4, 6
and 7 present and discuss the impact changes, such as nutrient
concentration and turbidity levels, have on the model.
5.1.3. To help understand the changes occurring in Loch
Creran
The third aim could only be achieved after the completion of the first two
steps described above. lndeed, once the processes taking place in Loch
Creran were understood and could be used to predict changes in the
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physics and/or biology of the Loch under different forcing scenarios,
potential changes occurring in the natural environment could be
understood better using the model.
5.1.4. To help towards the estimation of assimilative
capacity
The final aim of the modelling work was to help understand the concept of
assimilative capacity when applied to regions of restricted exchange, such
as Scottish sea lochs. The Assimilative Capacity model could also help
predict the assimilative capacity of Loch Creran. This will be discussed
further in Chapter 7.
5.2. Basis of the modelling work
The Assimilative Capacity model presented in this chapter derives from an
earlier model developed in the mid 1990s by the United Kingdom's
Comprehensive Studies Task Team (CSTT, 1994; CSTT, 1997; Tett,
2000). This model was based on the study of the yield of phytoplankton
biomass from nutrient in sea water (Gowen et al, 1992), which was initially
carried out to help provide a tool for the prediction and management of
harmful effects of nutrient enrichment by marine aquaculture (GESAMP,
1996).
5.2.1. Aims of the Comprehensive Studies Task Team
(CSTT) model
The Comprehensive Study Task Team (CSTT) was set up in the early
1990s to identify comprehensive studies" which were required to be
carried out in order to comply with Article 6 of the Urban Waste Water
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Treatment Directive (UWl/VTD) in the case of primary treatment only (Tett
et al, 2003).
The aim of the CSTT model was to provide a better understanding of
nutrient-ecosystem relationships and to help in the diagnosis or prognosis
of eutrophication. lt is a simple screening model to be used to exclude
from concern those sites which are not subject to eutrophication, through
the prediction of the value of phytoplankton chlorophyll - an easily
observed variable (Tett et al, 2003).
This model was veried and implemented during the European Union
Framework V project: Oceanographic Applications of Eutrophication in
Regions of Restricted Exchange" (OAERRE). lt was successfully applied
to a number of Regions of Restricted Exchange (RREs) such as ords,
bays and rias, all over Europe.
5.2.2. Description of the CSTT model
The CSTT model treats a region of restricted exchange (RRE) as a well
mixed box of known volume. All the interactions with the adjacent sea are
considered to take place on one side of the box and to be controlled by a
single parameter: the exchange rate E, dened as the proportion of the
box contents which is replaced by external water during a day.
The exchange rate can be estimated in several ways and the CSTT model
used the method of Ofcer (1976), involving the consenation of salt:
E=Ã. d-1 (1)
V c-C
where F is the freshwaer input (m3.d'1), c is the RRE mean salinity (psu)
and C0 is the external salinity (psu).
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The CSTT model is a steady-state simplication of the Riley+ dynamic
model described by Tett & Wilson (2000). It is adapted to RREs but is
based on the same two equations describing daily phytoplankton
chlorophyll X (2) and daily limiting nutrient concentrations S (3):
«FIX . . _ . . _ F= (JH _ _ Lf~(\, _ :Y _)_«if° V ° mg .m3.d'* (2)
es .X 1;-X , .~=_L º -zçs-s'º+l'Ü' ' * ' V mmol. m3.d`1 (3)
Where s,- = F (Sf- S0) + s',~
Where S is the daily concentration of the limiting nutrient inside the RRE
(mmol. m3), So is the daily concentration of the limiting nutrient outside the
RRE (mmol. m3), X is the daily concentration of phytoplankton chlorophyll
inside the RRE (mg .m3) X0 is the daily concentration of phytoplankton
chlorophyll inside the RRE at time 0 (mg .m3), L is the daily phytoplankton
loss rate (d`1), is the daily phytoplankton growth rate (d`1), q is the yield
of chlorophyll from assimilated nutrient, F is the daily freshwater input
(m3.d'º, E is the exchange rare (d'*) and v ie the veume of the RRE (m3).
si is the daily amount of local-source nutrient enriching the RRE (mol), F is
the rate of freshwater input into the RRE (m3.d`1) , Sf is the freshwater
nutrient concentration (mmol. m3), s'i represents other supplies of nutrients
(mol) and e is the base of natural logarithms.
These equations can be solved for the equilibrium enhanced concentration
of nutrient (Seq) in the RRE when losses are considered as nil:
s.,.,=s., + (S/(Ev)) mme.m'3 (4)
The CSTT model considers the worst-case scenario in which all the
nutrient is converted into phytoplankton, resulting in a maximum
chlorophyll concentration (Xmex):
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Xmax = + q.Seq
mg.m-3Themain assumption in both the Riley+ and the CSTT model is that the
box is uniform both horizontally and verticaily. This, of course, is not an
accurate description of the natural environment but such an approximation
is acceptable as long as the parameters and variables described for this
particular box are appropriately averaged. If the RRE to be modelled is
strongly stratied, then only the upper layer of water will be considered in
the model. ln addition, the daily chlorophyll concentration and the daily
limiting nutrient concentration outside the RRE can sometimes be
replaced by the deep water daily concentrations inside the box if the RRE
experiences a strong estuarine circulation.
Most of the equations used in the CSTT model were described in the
CSTT publications (CSTT, 1994; CSTT, 1997). The interpretation of the
parameters and the values assigned to them during the OAERRE project
have however been improved since the original CSTT publications (Tett et
al, 2003). All the equations, values and parameters used in the CSTT
model and its applications to European RREs are fully described in Tett et
al. (2003).
5.2.3. Strengths and weaknesses of the CSTI' model
Strengths:
The CSTT is a Simple Model, and is therefore very easy to use and to
implement on a variety of sites, following a variety of scenarios. Its
precision and accuracy are good for the purpose of identifying sites at
risk" of eutrophication.
This simplicity makes it a good management tool for the prediction of the
level of "risk" of a site to be affected by adverse effects of eutrophication.
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The model has been successfully implemented in a number of European
regions of restricted exchange.
Another good point about the CSTT model is that it takes a box approach,
with the water body of the region of restricted exchange being considered
as one homogenous box and interacting with boundary conditions" forcing
the simulation.
Weaknesses:
Although the box approach is interesting as it allows building a simple
model with clear interactions between various parts of the study site, the
use of one single box to describe a whole water body might be limiting.
Using several boxes would allow more exibility in the model by describing
internal processes as well as interactions with the boundary conditions.
Moreover, the CSTT model is a steady-state model. Again, this helps
simplifying the model and can be appropriate when trying to solve a simple
problem. The use of a dynamic model would however be a more accurate
description of the system studied and would allow for longer term
predictions of environmental changes. For example, a two-layer system
would allow managers to take into account the sinking of particulate
organic matter.
Finally, the CSTT model has a limited number of variables and
parameters. A more complex model would allow to:
- Predict the undesirable consequences of increased growth of algae
- Consider a range of nutrient sources, especially those in the freshwater
catchment of the RRE
- Take into account the social and economic effects of managing changes
in these sources
- Calculate the light limited growth rate relative to the loss rate
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5.2.4. Other models
Firth of Clyde model (Lee, 2002)
This model is based on the CSTl` model but incorporates more detailed
descriptions of marine pelagic processes by combining a microplankton
biological model (Lee et al., 2002) with a multiple compartment model of
the Firth of Clyde. The microplankton model has four compartments:
diatom-dominated microplankton, agellate dominated microplankton,
slow decaying detritus and fast decaying phyto-detritus. lt also includes
nitrogen and silicon cycles and simulates the production and consumption
of carbon biomass. Moreover, each microplankton compartment includes
a state variable representing the variable nutrient content, or quota, of the
organisms. This reects the atomic ratio of the nutrient element to carbon
in the organisms and varies between minimum and maximum values to
allow for the storage of nutrients.
Strategic simulation model for ords (Ross et al., 1993; Ross et al., 1994)
This is a dynamic model made up of four boxes representing four vertical
layers inside the water body. The top two layers are situated in the upper
water column and have compartments for phytoplankton, zooplankton
herbivores and carnivores, each containing carbon and nitrogen. The two
bottom layers represent the deep water box and a sediment box. Both are
used as storage compartments and contain dissolved inorganic nitrogen
and dissolved organic nitrogen. The physical component of the model is
limited to water exchange between layers and is simulated by a constant,
tidally-forced estuarine circulation (Tett et al., 2003).
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EiordEnv model (Stiqebrandt, 2001)
This model has a more realistic parameterisation of the physical processes
but resembles the CSTT model in using an Equilibrium Concentration
Enhancement (ECE) method to estimate nutrient enhancement, and
assumes that all available nutrients convert to phytoplankton (Tett et al.,
2003). However, contrary to the CSTT model, the FjordEnv model also
takes into account the sinking of primary production and the consequent
use of oxygen in deep water.
5.3. Design of the Assimilative Capacity (AC)
model
5.3.1. How is the AC model different from the CSTT
model?
General description:
The AC model is derived from the CSTT model presented in section 5.2.
The general purpose of this modelling work was to design a simple
management tool for the prediction of chlorophyll / nutrient interactions in
a semi-enclosed coastal system. The AC model aims at addressing some
of the weaknesses of the CSTT model while keeping its strong features. lt
is therefore still a simple box model, but it is a dynamic version of the
CSTT model, making it a more exible and more powerful management
tool.
Moreover, the AC model is a three-box model. Two boxes represent the
water body studied (a region of restricted exchange) and the third box
represents the water body outside the study site, which is part of the
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boundary conditions" imposed on the simulation. This allows for the
representation of a two-layered system with exchanges and interactions
within the water body studied as well as interactions with the surrounding
environment.
Figure 5.1. illustrates the basic structure of the AC model. The boundaryâ
box represents the photic zone of the sea outside Loch Creran and has a
depth of 10 m and a total volume of 980e° m3. The upper and "lower"
boxes are both located inside Loch Creran. The upper box represents
the photic zone and has a thickness of 10 m and a total volume of 98e6
m3. The lowe' box represents the aphotic zone and has a total volume of
98e6 m3, and no specied thickness.
BOUNDARY *__i UPPER
Si" LOWER
Figure 5.1. Basic structure of the AC model.
lt is assumed that Loch Creran shows a typical ordic circulation pattern
as shown on Figure 5.1 _, with constant exchange rate between the boxes.
The state variables of the AC model are: chlorophyll concentration,
nitrogen (DIN) concentration and phosphorus (DIP) concentration. A
general set of equations describing any state variable Y in a physical-
biological model such as the AC model is:
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{% = TVØY + ßº'} (6)
Where V rpy is the divergence of physical transport (conservative) fluxes at
a given point and ßy is the sum of non chemical and biological (non-
conservative) transformation at that point (Laurent et al., 2006).
Other important features of the model include the optical-photosynthetic
sub-model, and two crucial parameters: the site-specific exchange rate E
and the chlorophyll yield q. A more complete and accurate description of
the model is given in sections 5.4 and 5.5.
The importance of initial and boundary conditions:
The AC model contains a number of differential equations which describe
the processes taking place inside the studied site, and initial and boundary
conditions are required to solve these equations. The initial conditions are
specied within the domain of simulation at the beginning of the
simulation, whereas the boundary conditions are specied outside the
domain of simulation, throughout the simulation period. Such initial and
boundary conditions include time series of the concentrations in the
adjacent sea and in River Creran (the main source of freshwater into Loch
Creran) as well as river discharges and Photosynthetically Active
Radiation (PAR) at the water surface.
ldeally, initial and boundary conditions should be determined based on
observations. A lot of historical data from the 1970s with complete, high-
resolution time-series were available, and these were used as initial and
boundary conditions for the basic (1975) version of the AC model. Despite
an extensive sampling campaign in the 2000s, such time series were not
always available and some of the initial and boundary conditions used for
the 2003a and 2003b versions of the AC model include inter- and
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extrapolated values from the data set available for this period, calculated
using a Matlab script designed by Paul Tett.
ln most cases, the solutions to the differential equations are affected by
the assumed initial and boundary conditions, and the extent of this
influence varies with the length of the simulation and the distance from the
model boundaries. lndeed, the effect of the initial and boundary conditions
tends to be greater shortly after the simulation has been initialised and
close to the model boundaries. When the inuence of these conditions is
limited, the solutions have an interior in which values of state variables
depend more on the intrinsic parameters of the equations than on the
boundary conditions. This is particularly true of coastal water systems
where a well stratified water column can have a considerable inertia,
allowing biological processes to follow an intrinsically determined seasonal
cycle (Huthnance, 1995; Laurent et al., 2006). ln the case of Loch Creran
however, the residence time of the water is only of seven days and as a
consequence, the boundary conditions might have a greater impact on the
solutions.
5.3.2. A simple model
Research carried out by Tett et al. (2003) comparing an improved version
of the simple CSTT model described above with more complex physical
biological models provided several arguments in favour of simple models,
including transparency and relative ease of application, both important for
management purposes. lt was however noted by Laurent et al. (2006) that
the simplicity shouldn't necessarily be associated with primitiveness but
could be secondary, based on the bulk parameterisation derived from
more elaborate models or empirically analysed data sets.
lndeed, models with many state variables and adjustable parameters,
solved by numerical integration at many grid points, although useful from a
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scientific point of view, can be laborious to implement for new locations,
difficult to work for non specialists and of little use to managers (Laurent et
al., 2006).
The AC model was to be primarily used as a management tool and a
simple approach was therefore chosen for its design. Such an approach
was based on the strategic simulation model of a ord ecosystemâ
described by Ross et al. (1993a, 1993b, 1994). This model divides the
water column into thick layers and represents concentrations of dissolved
inorganic nitrogen, dissolved organic nitrogen, phytoplankton, zooplankton
and detritus. An even simpler model, called the equilibrium concentration
enhancement method, was designed by Gillibrand and Turrell (1996) to
estimate nutrient loading in Scottish ords. This was a steady state, single
box model.
5.3.3. Using Stella 8 to design the AC model
The aim of the modelling work was to design a model as simple as
possible for the representation of chlorophyll I nutrient interactions in semi-
enclosed coastal waters. The model had to be simple in its contents, but
also in its design to be as much user friendly" as possible. The AC model
was therefore designed using Stella 8.
Stella (Systems Thinking in an Experimental Learning Lab with Animation)
is a very simple modelling software initially designed for use in teaching
laboratories. Its main purpose is to help design models of dynamic
systems and processes. lt is based on a mapping interface which allows
the user to visualise and design their model using a simple set of building
block icons (Box 5.1.). The map then automatically generates a set of
equations to be used for the simulation. The mathematical connections
between the components are dened by the user, and so are the initial
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and boundary values and parameters. A multi-run sensitivity analysis
function is also available.
Stella 8 therefore allows the user to build a simple box model and look at
both internal processes and interactions between the system studied and
its "boundary conditions".
The output of the model can be viewed as graphs, tables, diagram
animations or QuickTime movies, all generated by the Stella software.
Stella also allows a choice of integration method, integration time step and
frequency of the output data.
ln the case of the AC model, the equations were integrated using Euler's
method. Although less precise than the Runge-Kutta integration, this
method is advised when using switches in the model. The integration time-
step was 0.125 day, and the reliability of the numerical solutions checked
against known test cases and by testing the consenation of simulated
DIN. Data were output from the simulations at one-day intenals, the
displayed data being the nal values obtained each day. This is further
discussed in section 5.6.
There are three steps in modeling design (Tett, personal communication).
The rst one is the conceptual model design" and consists in deciding
which variables and parameters to include in the model and how they will
be linked. When using Stella, this relates to using the mapping interface to
create stocks, converters, flows and connectors. The second one is the
mathematical model design", which consists in writing the equations
linking all variables and parameters, dening the values of constants and
parameterizing individual processes. When using Stella, the differential
equations are automatically produced by the software, but the user has to
supply the parameterizations in the equations that entered into individual
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boxes. The third one is the numerical model design" and consists in
specifying the numerical algorithms needed to perform numerical
integration. When using Stella, this is done automatically by the software
once the user has chosen the integration scheme. lt is also during this
final step that the modeler will decide how to provide the boundary
condition data, and what sort of output is required.
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Noname 1
l: Stock. Stocks are accumulations. They collect whatever ows into them,
net of whatever ows out of them.
N°"=*'"° 3 Flow. The job of ows is to ll and drain accumulations. The
unlled arrow head on the ow pipe indicates the direction of positive ow.
O
N°~¬=m= 4 Convertor. The converter serves a utilitarian role in the software.
lt holds values for constants, denes extemal inputs to the model, calculates algebraic
relationships, and senes as the repository for graphical functions. ln general, it converts
inputs into outputs. Henoe, the name "converter."
__ Connector. As its name suggests, the job of the connector is to
connect model elements. The software provides for two distinct types of connector: the
action connector and the information connector. Action connectors are signied by a solid,
directed wire. Information connectors are signied by a dashed wire. To select an info
connector, click and hold the connector icon on the palette. Then select the info connector
from the drop-down list that will appear.
Decision
Promi
Q Decision Process Diamond. The Decision Process Diamond
(DPD) is a mechanism for managing the diagram complexity associated with the
representation of decision processes within your models. With DPDs, you can "bury" the
intricacies of the decision mies that drive the ows into a 'black box (actually, a lavender
diamond). On the surface, you and the users of your models can clearly see both the
inputs and the outputs associated with a decision process. When the need arises, you can
"drill down" into the detail of the decision process itself. As a result, your models can
maintain a bi-focal perspective, displaying the macro- and micro-structure as needed.
Box 5.1. List of Stella main symbols and their signicance
(from the "Help" section of Stella 8.0)
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5.4. Description of the basic (1975) version of the
AC model
5.4.1. Stella diagram
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Figure 5.2. Stella diagram of the basic (1975) version of the AC model.
All the time series used for the description of this version of the AC model
are presented in Appendix 5.1.
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5.4.2. Physics
Water exchanges and circulation
Although the dynamics of water circulation through the main basin have
not been analysed in detail, there is little evidence of the freshwater driven
estuarine circulation that is apparent in the neighbouring Loch Etive (Wood
et al., 1973). lnstead, Tett et al. (2007) suggest that water movements in
Loch Creran are a balance between tidal exchange, the estuarine
circulation and vertical mixing. Water entering the Loch on the flood tide is
normally saltier, and hence denser, than water already in the Loch and so
the inow is deemed to enter the "lower" box of the model. On the ebb
tide, it is the less dense water in the upper layer than ows out over the
shallow entrance sill (depth 8 m) of Loch Creran. However, the flushing
time of Loch Creran, deduced from salinity budgets (Landless & Edwards,
1976; Tett, 1986) is about tvvice as long as implied by the tidal pumping
model and it is therefore likely that outowing and inowing waters are
mixed together in the Loch's entrance channel and adjacent waters,
resulting in a tidal exchange efciency of only about one half. Box 5.2.
presents the Stella equations used to simulate water exchanges and
circulation in the AC model.
. E = 0.16
E is the exchange rate between the RRE and its boundary conditions (cf')
o V = 2 x 98e6
v is the voume arme RRE (ma)
- F = River <ºw*s64oo (ma .s")
F is the freshwater input into the uppef' box (ma)
ø thickness boundary = 10
This is thickness of the layer of water in the "boundary" box (m)
o thickness upper = 10
This is thickness of the layer of water in the uppef' box (m)
ø volume from boundary = E x V - F
This is the volume of water from the "boundary" box entering the lower' box (m3)
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o volume from lower = volume from boundary
This is the volume of water from the lowef' box entering the uppef' box (m3)
ø volume from upper = volume from lower + F
This is the volume of water from the "upper" box entering the "boundary" box (ma)
o volume of boundary = 980e6
This is the volume of water inside the "boundary" box (ms)
ø volume of lower = 98e6
This is the volume of water inside the lowef' box (ms)
o volume of upper = 98e6
This is the volume of water inside the upper' box (ma)
Box 5.2. Stella equations in relation to water exchanges and circulation.
In the AC model, circulation is simply driven by a single value (0.16 d`1) of
the exchange rate E, taken from Tett (1986). Thus a daily volume EV is
assumed to flow out of the "upper" box and to mix with water in the
"boundary" box, thus removing EVY of the state variables, Y being the
concentration of the variable studied. At the same time the "upper" box
receives a daily freshwater discharge of F and hence inputs FYf. A volume
of EV-F flows from the "boundary" box by way of the "lower" box into the
"upper" box, initially bringing (EV-F)Y0 from the "boundary" box, although
subject to modification in the "lower" box. Finally, conditions in the
"boundary" box are relaxed towards the appropriate boundary conditions
at a rate of 0.1 d'1.
lrradiance
Another part of the physical model deals with layer mean lrradiance. The
Stella equations used for the simulation of lrradiance in the AC model are
presented in Box 5.3.
The main equation describing lrradiance in the AC model is the following:
iz ""10 '(1`e_kD'h)/(kß I h) Einstein m`2 s`1 (7)
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Where I0 is 24-hour averaged PAR at the sea-surface and m corrects for
surface reflection and hyperexponential decay (Tett, 1990). Layer
thicknesses h are given in Box 5.3. The diffuse attenuation coefcient kp
was computed from a constant background of 0.20 m'1 and a chlorophyll-
related component, using an attenuation cross-section of 0.029 m2 (mg
chl)'1. The latter parameter is based on a reanalysis of measurements of
diffuse attenuation and chlorophyll concentration reported by Tyler (1983),
and corresponds to the absorption cross-section of 0.025 m2 (mg chI)'1
used in the biological model, given a mean cosine for undenvater light of
0.85.
o thickness boundary = 10
This is the thickness of the water layer in the boundary/' box (m)
o thickness upper = 10
This is the thickness of the water layer in the uppef' box (m)
0 kp = 0.1
kD is the light attenuation coeicient of the water (m")
o compensation illumination boundary = 5
This is me compensation i/umnaiion in me "boundary" box (E.m'2.s")
o compensation illumination upper = 5
This is the compensation illumination in the "upper" box (E.m`2.s")
o m boundary = 0.656
This is the compound correction factor of the boundar)f' box. It is made up
approximately of:
- m=0. 95, proportion of PAR photons that enters water
- m1=0.46, proportion of solar photons that are PAR
- m,_5=4. 15 E.J' (PAR photons from PAR energy)
- m2=0.37, correction for hyper exponential decay
o m upper = 0. 656
This is the compound correction factor of the uppef' box. lt is made up
approximately of:
- m=0. 95, proportion of PAR photons that enters water
- m,=0.46, proportion of solar photons that are PAR
- m1_5=4. 15 E.J' (PAR photons from PAR energy)
- m2=0.37, correction for hyper exponential decay
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seawater attenuation = 0.2
This is me submanne attenuation (m")
Converted solar illumination = Total daily solar illumination / 24
This is a conversion term for solar illumination units (E.h")
Diffuse attenuation 10 boundary = water attenuation boundary + (absorption
chlorophyll boundary x 10) / 0. 85
This is the diffuse attenuation of light in the "boundary" box for a chlorophyll
concentration of 10 mg.m`3 (m")
0.85 is the mean cosine and converts beam absorption to diffuse attenuation
Diffuse attenuation 10 upper = seawater attenuation + (Absorption chlorophyll
upper x 10 / 0. 85
This is the diffuse attenuation of light in the uppef' box for a chlorophyll
concentration of 10 mg. m`3 (m")
0. 85 is the mean cosine and converts beam absorption to diffuse attenuation
Diffuse attenuation boundary = water attenuation boundary + (absorption
chlorophyll boundary x chlorophyll concentration boundary/ 0. 85)
This is the diffuse attenuation of light in the boundary/' box (m'1)
0. 85 is the mean cosine and converts beam absorption to diffuse attenuation
Diffuse attenuation upper = seawater attenuation + (absorption chlorophyll upper
x chlorophyll concentration upper/ 0.85)
This is the diffuse attenuation of light in the uppef' box (m")
0. 85 is the mean cosine and converts beam absorption to diffuse attenuation
lrradiance 10 boundary = m boundary x converted solar illumination x (1-EXP (-
diffuse attenuation 10 boundary x thickness boundary)) / (diffuse attenuation 10
boundary x thickness boundary)
This is the 24h mean irradiance in the "boundary" box for a chlorophyll
concentration of 10 mg. m'3 (E.m'2.s")
lrradiance 10 upper = m upperx converted solar illumination x (1 - EXP (- diffuse
attenuation 10 upperx thickness upper)) / (diffuse attenuation 10 upperx
thickness upper)
This is the 24h mean irradiance in the "upper" box for a chlorophyll
concentration of 10 mg.m`3 (E.m`2.s")
lrradiance boundary = m boundary x converted solar illumination x (1 -EXP (-
diffuse attenuation boundary x thickness boundary)) / (diffuse attenuation
boundary x thickness boundary)
This is the 24h mean irradiance in the "boundary" box (E.m`2.s")
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0 lrradiance upper = m upper x converted solar illumination x (1- EXP(- diffuse
attenuation upperx thickness upper)) / (diffuse attenuation upperx thickness
upper)
This is me 24h mean irradiance in me º<ºunday" box (E.m'2.s")
Box 5.3. Stella equations in relation to irradiance.
5.4.3. Biology
The state variables of the biological model are: chlorophyll concentration X
(mg m`3), dissolved inorganic nitrogen (DIN) concentration NOS (M) and
dissolved inorganic phosphorus (DIP) concentration POS (M) (the naming
convention follows Tett and Droop, 1988).
Chlorophyll
In the case of chlorophyll concentration X, the non-conservative term from
equation (6) in section 5.3.1. is:
ßx =(i,s)-X-L-X mg ch m'3 <1* (8)
Where (I,S) is the intrinsic growth rate (d'1), a function of compartment
mean irradiance I and nutrient concentration (either DIN or DIP, see
below) and L is the rate of loss to grazing by zooplankton and benthos. A
constant value was assumed for each model box (Table 5.1 .).
Growth rate is a threshold function of PAR and the two dissolved nutrients:
Nos POS
QºS)=m1n{a' G_I) m '[vokS+NoS} m '(P0kS+>oSj} (9)
Where the parameters are defined, and their values given, in Table 5.1.
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Although the equation can be applied equally to phytoplankton and to
microplankton, the values used were those for microplankton, the mixture
of phytoplankters and pelagic protozoa and bacteria (Tett & Wilson, 2000;
Lee et al., 2002). The main difference is that the compensation irradiance
Ic for microplankton is greater than that for phytoplankton (Tett et al.,
2002). The microplankton parameterisation takes account of losses of
primary production to pelagic microheterotrophs, thus avoiding the need
for a separate protozoan compartment in the model.
The values of photosynthetic efciency a and compensation irradiance Ic
were calculated using standard parameters of the microplankton model of
Tett et al. (2002, 2003) and a value of the heterotroph fraction of 0.125,
which was that chosen for diatom-dominated microplankton in the
PROWQM model of Lee et al. (2002). The value of photosynthetic
efficiency derives from an assumed photosynthetic quantum yield of 40
nmol C E'1, and the absorption cross-section was 0.025 m2 (mg chl)", as
mentioned in relation to the physical model. Further details are given in
Table 5.1.
The Stella equations used to simulate chlorophyll in the AC model are
presented in Box 5.5. below.
1. Chlorophyll boundary(t) = Chlorophyll boundary (t - dt) + (Exchange chlorophyll 3
+ growth boundary - loss boundary - Exchange chlorophyll 1 - Exit chlorophyll -
outow) x dt
This is the total amount of chlorophyll in the "boundary" box (mg)
ø INIT Chlorophyll boundary = 0.059 x 980e6
This is the initial amount of chlorophyll in boundary/' box (mg)
/NFLOWS:
o Exchange chlorophyll 3 = chlorophyll concentration upperx volume from upper
This is the exchange rate between the uppef' box and the "boundary" box
o Growth boundary = growth rate boundary x chlorophyll boundary
This is the pnytopankmn gmwm rare in the waunaary box (mg. m'°.<f')
OUTFLOWS:
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Loss boundary = loss rate boundary x chlorophyll boundary
This is the phytoplankton loss rate in the "boundary" box (mg.d1)
o Exchange chlorophyll 1 = chlorophyll concentration boundary x volume from
boundary
This is the exchange rate between the "boundary" box and the "lower" box
o Exit chlorophyll = (chlorophyll concentration boundary - chlorophyll reference)
x volume of boundary
This is the amount of chlorophyll exiting the "boundary" box
0 outow = chlorophyll concentration boundary x DAILY FLOW
This is the nal outow from system, balancing river inow and taking some
chlorophyll
2.
lower - Exchange chlorophyll 2) x dt
This is the total amount of chlorophyll in the Iowef' box (mg)
INIT Chlorophyll lower = 0.1 x 98e6
This is the initial amount of chlorophyll in lowef' box (mg)
INFLOWS:
o Exchange chlorophyll 1 = chlorophyll concentration bound x volume from
boundary
OUTFLOWS:
o Loss lower = chlorophyll lowerx loss rate lower
This is the phytoplankton loss rate in the Iowef' box (mg.d1)
0 Exchange chlomphyll 2 = chlorophyll concentration lowerx volume from lower
This is the exchange rate between the lowef' box and the uppef' box
3. Chlorophyll upper (t) = chlorophyll upper (t - dt) + (growth upper + Exchange
chlorophyll 2 - loss upper- Exchange chlorophyll 3) x dt
This is the total amount of chlorophyll in the uppef' box (mg)
ø INIT Chlorophyll upper = 0.059 x 98e6
This is the initial amount of chlorophyll in "lowef' box (mg)
INFLOWS:
ø Growth upper = growth rate upperx chlorophyll upper
This is the phytoplankton growth rate in the upper' box (mg. m`3.d')
o Exchange chlorophyll 2 = chlorophyll concentration lowerx volume from lower
OUTFLOWS:
o Loss upper = loss rate upperx chlorophyll upper
This is the phytoplankton loss rate in the upper box (mg.d')
Chlorophyll lower (t) =chlorophyll lower (t - dt) + (Exchange Chlorophyll 1 - los
xk
s
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o Exchange chlomphyll 3 = chlorophyll concentration upperx volume from upper
ø Absorption chlorophyll boundary = 0.016
This is the absorption cross section ofphotosynthetic pigments (m2'mg`1) in the
"boundary" box
o Absorption chlorophyll upper = 0.016
This is the absorption cross section ofphotosynthetic pigments (m2'mg") in the
uppef' box
ø Chlorophyll concentration lower = chlorophyll lower/ volume of lower
This is the chlorophyll concentration in the lowef' box (mg. m`3)
ø Chlorophyll concentration upper = chlorophyll upper/ volume of upper
This is the chlorophyll concentration in the uppef' box (mg. m`3)
o Chlorophyll max boundary = IF (N boundary < P boundary x NP ratio boundary)
THEN (chlorophyll boundary + N boundary x yield N boundary) ELSE (chlorophyll
boundary + P boundary /yield P boundary)
This is the worst case maximum chlorophyll in the "boundary" box, assuming that
all available nutn`ent is converted to phytoplankton and adds to existing
chlorophyll (mg. m`3)
º Chlorophyll max upper = IF (N upper < P upperx NP ratio upper) THEN
(chlorophyll upper + N upper x yield N upper) ELSE (chlorophyll upper + P upper
/yield P upper)
This is the worst case maximum chlorophyll in the uppef' box, assuming that
all available nutn'ent is converted to phytoplankton and adds to existing
chlorophyll (mg. m'3)
o Chlorophyll concentration boundary = chlorophyll boundary / volume of boundary
This is the chlorophyll concentration in the "boundary" box (mg. m`3)
Box 5.5. Stella equations in relation to chlorophyll.
Nutrients
The non-conservative term for DIN concentration is:
-I,S-X ^'.L.X _ _
ß0S=_(,q±+-ev mmomßdl (10)
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Where Ne is the proportion of grazed nitrogen that is Iocally recycled and
Nq is the yield of chlorophyll from nitrogen, taken as 1.05 mg chl . (mmol
N)`1 on the basis of the results of microcosm experiments with Loch
Creran water reported by Gowen et al. (1992). The CSTI' steady state
solution was devised for summer conditions in which the heterotrophs of
the microplankton took a greater share of available nitrogen.
The Stella equations used to simulate DIN in the AC model are presented
in Box 5.6. below. V
1. N boundary (t) = N boundary (t- dt) + (Recycled N boundary + Exchange N 3 -
DIN uptake boundary - Exchange N 1 - Exit DIN - outow N) x dt
This is the nitrogen concentration in the "boundary" box (mmol. m`3)
o Initial N boundary = 6.12 x 980e6
This is the initial nitrogen concentration in the "boundary" box (mmol. m`3)
INFLOWS:
o Recyc/ed N boundary = (excreted N boundary x loss boundary) /yield N
boundary
This is the daily amount of nitrogen recycled in the boundary/' box (mmol.d1)
o Exchange N 3 = N concentration upperx volume from upper
This is the exchange rate between the "upper" box and the "boundary" box
OUTFLOWS:
ø DIN uptake boundary = growth boundary /yield N boundary
This is nitrogen uptake in the boundary box
ø Exchange N 1 = N concentration boundary x volume from boundary
This is the exchange rate between the "boundary" box and the Iowef' box
o Exit DIN = (DIN concentration boundary - DIN reference) x k x volume of
boundary
This is the nitrogen exiting the "boundary" box
0 Outow DIN = DIN concentration boundary x DAILY FLOW
This is the nal outow from system, balancing river inow and taking some
nitrogen
2. DIN lower (t) = DIN Iower(t - dt) + (daily DIN input lower + Exchange N 1 -
Exchange N 2) x dt
This is the nitrogen concentration in the lowef' box (mmol. m'3)
148
o Initial N lower = 6.12 x 98e6
This is the initial nitrogen concentration in the lowef' box (mmol. m`3)
INFLOWS:
ø Exchange N 1 = N concentration boundary x volume from boundary
OUTFLOWS:
o Exchange N 2 = N concentration lowerx volume from lower
This is the exchange rate between the Iowef' box and the uppef' box
3. N upper (t) = N upper (t - dt) + (daily N input upper + recycled N upper +
Exchange N 2 - N uptake upper- Exchange N 3) x dt
This is the nitrogen concentration in the "upper" box (mmol. m°)
o INITN upper = 6.12 x 98e6
This is the initial nitrogen concentration in the uppef' box (mmol. m`3)
INFLOWS:
o Daily N input upper = (River N loading x DAILY FLOW) Recycled N upper =
(excreted N upperx loss upper) /yield N upper
This is the daily nitmgen input from the river into the uppef' box (mmol. m`3.d1)
o Exchange N 2 = N concentration lowerx volume from lower
OUTFLOWS:
o N uptake upper = growth upper /yield N upper
This is nitrogen uptake in the uppe' box (mmol. m`3.a'1)
o Exchange N 3 = N concentration upperx volume from upper
********************
ø Bu ratio = N uptake boundary/ N boundary
This is the ratio of the nitrogen uptake in the 'boundary' box to nitrogen
concentration in the "boundary" box
o Excreted N boundary = 0. 5
This is the excreted proportion ofbiologically lost phytoplankton nitrogen in the
"boundary" box.
o Excreted N upper = 0.5
This is the excreted proportion of biologically lost phytoplankton nitrogen in the
"upper" box.
o Half saturation N boundary = 2
This is the half saturation concentration for growth in the boundary box
(mmol. m`3)
ø Half saturation N upper = 2
This is the half saturation concentration for growth in the uppef' box
(mmol. m`3)
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o N concentration boundary = N boundary/ volume of boundary
This is the nitrogen concentration in the "boundary" box (mmol. m`3)
ø N concentration lower = N lower/volume of lower
This is the nitrogen concentration in the lowef' box (mmol. m`3)
ø N concentration upper = N upper/ volume of upper
This is the nitrogen concentration in the uppef' box (mmol. m'3)
o NP ratio boundary = yield P boundary /yield N boundary
This is the ratio of the yield ofphosphorus over the yield of nitmgen in the
"boundary" box
o NP ratio upper = yield P upper/yield N upper
This is the ratio of the yield ofphosphorus over the yield of nitrogen in the
uppef' box
Box 5.6. Stella equations in relation to DIN.
The DIP term is similar:
-I,S-X P.L.X _ _
ßS=_(%+% mm<ºm3d* (11)
where pe is the proportion of grazed phosphorus that is locally recycled
and Pq is the yield of chlorophyll from phosphorus, set at 30 mg chl (mmol
P)'1 on the basis of the research carried out by Tett (1998) on the
parameterizing of microplankton models, as well as the results of
microcosm experiments carried out by Jones et al. (1978) looking at the
ecology of plankton communities in Scottish Sea-lochs, and the work
carried out by Tett et al. (1975) on Loch Creran 1973 chlorophyll and
particulate data.
The Stella equations used to simulate DIP in the AC model are presented
in Box 5.7. below.
1. P boundary (t) = P boundary (t- dt) + (Recycled P boundary + Exchange P 3 - P
uptake boundary - Exchange P 1 - Exit P - outow P) x dt
This is the phosphorus concentration in the "boundary" box (mmol. m`3)
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INIT P boundary = 0. 628 x 980e6
This is the initial phosphorus concentration in the "boundary" box
/NFLOWS:
Recycled P boundary = (Excreted P boundary x loss boundary) /yield P
boundary
This is the amount ofphosphorus recycled in the "boundary" box
Exchange P 3 = P concentration upperx volume from upper
This is the exchange rate between the uppef' box and the "boundary" box
OUTFLOWS5
P uptake boundary = growth boundary /yield P boundary
This is the phosphorus uptake in the boundary box
Exchange P 1 = P concentration boundaryx volume from boundary
This is the exchange rate between the "boundary" box and the /owef' box
Exit P = (P concentration boundary - P re x k x volume of boundary
This is the phosphorus exiting the "boundary" box
Outow P = P concentration boundary x DAILY FLOW
This is the nal outow from system, balancing river inow and taking some
phosphorus
P lower (t) = P lower (t - dt) + (Daily P input lower + Exchange P 1 - Exchange P
2) x dt
This is the phosphorus concentration in the lowef' box (mmol. m'3)
Initial P lower = 0.628 x 98e6
This is the initial phosphorus concentration value in the lowef' box (mmoI.m
INFLOWSJ
Exchange P 1 = P concentration boundary x volume from boundary
This is the exchange rate between the "boundary" box and the Iowef' box
OUTFLOWS:
Exchange P 2 = P concentration lowerx volume from lower
This is the exchange rate between the Iowef' box and the uppef' box
P upper (t) = P upper (t - dt) + (Recycled P upper + Daily P input upper +
Exchange P 2 - P uptake upper- Exchange P 3) x dt
This is the phosphorus concentration in the uppef' box (mmol. m`3)
Initial P upper = 0. 628 x 98e6
This is the initial phosphorus concentration value in the "upper" box (mmol.m
INFLOWS:
Recycled P upper = (Excreted P upperx loss upper)/yield P upper
This is the recycled phosphorus in the uppef' box
o Daily P input upper = (River P loading x DAILY FLOl/lO
This is the daily phosphorus input from the n`ver into the uppef' box
o Exchange P 2 = P concentration Iowerx volume from lower
OUTFLOWS5
o P uptake upper = growth upper/yield P upper
This is the uptake ofphosphorus in the "upper" box
o Exchange P 3 = P concentration upperx volume from upper
This is the exchange rate between the uppef' box and the "boundary" box
o Excreted P boundary = 0.5
This is the excreted proportion ofbiologically Iost phytoplankton phosphorus in
the "boundary" box
o Excreted P upper = 0. 5
This is the excreted proportion ofbiologically Iost phytoplankton phosphorus in
the uppef' box
ø Half sat P boundary = 0.2
This is the half saturation concentration for growth in the boundary box
(mmol. m`3)
ø Half sat P upper = 0.2
This is the half saturation concentration for growth in the uppef' box
(mmol.m`°)
o P concentration boundary = P boundary/ volume of boundary
This is the phosphons concentration in the boundary box (M)
o P concentration lower = P lower/ volume of lower
This is the phosphorus concentration in the lower' box (M)
ø P concentration upper = P upper/ volume of upper
This is the phosphorus concentration in the uppef' box (M)
o NP ratio boundary = yield P boundary /yield N boundary
This is the ration of the yield ofphosphorus over the yield of nitrogen in the
"boundary" box
o NP ratio upper = yield P upper /yield N upper
This is the ration of the yield ofphosphorus over the yield of nitrogen in the
"boundary" box
Box 5.7. Stella equations in relation to DIP.
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Biological production and loss
Typically, the relationship between photosynthesis (ps) and PAR (I) is
described by a cune (Jassby & Platt, 1976; Lederman & Tett, 1981), but
Tett (1990) showed that a linear relationship is an acceptable
approximation under low-light conditions. Thus,
= pm. (/1/(k2'+2)) _ r becomes; = aß. ( - 1.,) (12)
where: a = p,B / Ik
and: Ic = r/a
r being the respiration rate.
The photosynthetic efficiency parameter a' is more fundamental than
either the maximum photosynthetic rate pm or the 'saturation' irradiance Ik,
as the efficiency is directly related to the quantum yield of photosynthesis
and the (PAR) absorption cross-section of photosynthetic pigments.
The use of algal values derived from laboratory measurements of single-
species populations for the parameters in the above equation tends to
lead to an over-prediction of the growth rate (Tett, 1990; Tett et al., 2002).
Some primary production is indeed rapidly lost due to predation of algal
cells by protozoans as well as the mineralization of excreted organic
matter by pelagic bacteria.
The Stella equations used to simulate biological production and loss in the
AC model are presented in Box 5.8. below.
Yield of chlorophyll from nutrients
ln a closed system, such as an algal batch culture, the uptake of limiting
nutrient S from the water leads to the formation of new algal cells and
hence an increase in chlorophyll (X). Thus,
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q = AX/ AS mg chl (mmol nutrient)`1 (13)
Of course, the rate of synthesis of new chlorophyll depends on conditions
such as illumination and the supply of substances that might be Iimiting for
chlorophyll formation (rather than for biomass increase). Given the relative
constancy of such conditions, the yield q might be expected to be
constant. Its value can be estimated from studies using algal cultures
(Caperon & Meyer, 1972; Tett et al., 1985; Zehr et al., 1988; Sakshaug et
al., 1989; Sosik & Mitchell, 1991; Levasseur et al., 1993; Sosik & Mitchell,
1994).
o Growth rate boundary = IF (mu boundary < sat growth boundary) THEN (mu
boundary) ELSE (saturation growth boundary)
This is the function determining the gmwth rate in the boundary box (J1)
ø Growth rate upper = IF (mu upper < sat growth upper) THEN (mu upper) ELSE
(saturation growth upper)
This is the function determining the growth rate in the upper box (d1)
o Loss rate boundary = 0.3
This is the loss rate ofphytoplankton in the boundary box (cf1)
o Loss rate lower = 0.2
This is the loss rate ofphytoplankton in the Iowef' box (cf')
o Loss rate upper = 0.1
This is the loss rate ofphytoplankton in the upper box (d1)
o Mu max boundary = 1
This is the maximum nutrient-control/ed gmwth rate in the "boundary" box (cf1)
ø Mu max upper = 1
This is the maximum nutrient-controlled growth rate in the upper box (d1)
o Mu 10 boundary = photosynthetic efciency boundary x (Irradiance 10 boundary
- compensation illumination boundary)
This is the nutrient-controlled growth rate in the boundary box, for a ch/omphyll
concentration of 10 mg. rn* (di)
o Mu 10 upper = photosynthetic efciency upperx (Irradiance 10 upper-
compensation illumination upper)
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This is the nutn'ent-controlled growth rate in the uppef' box, for a chlorophy/I
concentration of 10 mg. m`3 (J1)
o Mu boundary = photosynthetic efciency boundary x (Inadiance boundary -
compensation illumination boundary)
This is the light-controlled growth rate ofphytoplankton in the "boundary" box (61)
o Mu upper = photosynthetic efficiency upperx (irradiance upper - compensation
illumination upper)
This is the light-control/ed growth rate ofphytoplankton in the uppef' box (d1)
o photosynthetic efciency boundary = 0.006
This is the photosynthetic efciency in the "boundary" box (d'(E.m'2.s")")
o photosynthetic efficiency upper = 0.018
This is me photosynthetic efciency in the "upper box (d'(E.m'2. s")'1)
o saturation growth boundary = /F (N concentration boundary < P conc boundary x
NP ratio boundary) THEN (mu max boundary x (N conc boundary/ (half sat N
boundary + N concentration boundary))) ELSE (mu max boundary x (P
concentration boundary/ (half sat P boundary + P concentration boundary)))
This is the Michaelis Menten saturation growth equation in the "boundary" box
(J1)
ø saturation growth upper = /F (N concentration upper < P concentration upper x
NP ratio upper) THEN (mu max upperx (N concentration upper/ (half sat N
upper + N concentration upper))) ELSE (mu max upperx (P concentration upper
/ (half sat P upper + P concentration upper)))
This is the Michaelis Menten saturation growth equation in the "upper" box (cf1)
Box 5.8. Stella equations in relation to biological production and loss.
Such studies report a wide range of values of the ratio of chlorophyll to
nitrogen without any clear overall pattern in relation to cell size, growth
rate or irradiance (below 300 E.m'2.s'1). lgnoring a few values of more
than 7 mg chl (mmol N)", the median of 128 values from the cited works
was 2.2 mg chl (mmol N)'1, with quartile values of 0.9 and 3.1 mg chl
(mmol N)`1. The pigment data were obtained using standard
spectrophotometric or fluorometric methods, which overestimate
chlorophyll a compared to precise chromatographic methods (Gowen et
al., 1983; Mantoura et al., 1997). Nevertheless, such methods appear
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appropriate for a model intended for comparison with observations made
by the same standard methods.
Although Hecky & Kilham (1988) pointed out the difculty of establishing
clear relationships between nutrient loading and biomass, Gowen et al.
(1992) were able to nd chlorophyll-DAIN relationships in 39 out of 60 data
sets examined for Scottish west coastal waters, and these regressions
gave a median yield of 1.05 mg chl (mmol N)`1 (with a wide range, from
0.25 to 4.4). The median value was recommended by CSTT (1994, 1997)
for use in their model, and is supported by the recent work by Edwards
(2001).
ln the AC Model, a value of 2.5 mg chl (mmol DlN)" was used for nitrogen,
and a value of 30 mg chl (mmol DlP)'1 was used for phosphorus. lt may be
remarked that these yields imply a phytoplankton or microplankton atomic
N:P ratio of 29:1, higher than the Redeld ratio of 16:1. However, the
nitrogen and phosphorus yields are not simultaneous, but apply each to
the case of limitation by the appropriate nutrient. Following a thresho|d-
limitation, internal nutrient" model (Droop, 1983) suggests that the ratios of
the N and P yields should be somewhere between the Redeld ratio and
the ratio of the subsistence quota for each nutrient. The latter is at least
30:1 (Ten et a., 2003).
The Stella equations used to simulate the yield of chlorophyll from
nutrients in the AC model are presented in Box 5.9. below.
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o Yield N boundary = 2.5 '
This is the yield of chlorophyll from nitrogen in the "boundary" box
o Yield N upper = 2.5
This is the yield of chlorophyll from nitmgen in the uppef' box
o Yield P boundary = 30
This is the yield of chlorophyll fmm phosphorus in the "boundary" box
ø Yield P upper = 30
This is the yield of chlorophyll from phosphorus in the uppef' box
Box 5.9. Stella equations in relation to the yield of chlorophyll from nutrients.
5.5. Variations from the basic AC model
5.5.1. The 2003a / 2004a versions
The versions 2003a and 2004a of the Assimilative Capacity Model are
very similar to the 1975 version. In order to allow comparison with the
1975 data, it was considered in these versions that the water in the lower
part of the Loch was similar to the water outside the Loch, due to the
typical ordic situation taking place. The boundary conditions input into the
model were therefore data collected in the field at the deepest sampling
points in Loch Creran.
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Figure 5.3. Stella diagram of the 2003a I 2004a version of the AC model.
Stella eguations:
One of the main differences in these versions compared to the 1975
version is the addition of the sh farm inputs, in terms of both dissolved
inorganic nutrients and particulate organic matter. These are shown in Box
5.10. Feed data were kindly provided by Scottish Sea Fann for both years
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and converted into nutrients and particulate matter using the conversion
ratios determined by Nickell et al. (2003).
o Daily N input lower = Daily Fish Farm PN
This is the daily nitrogen input in the Iowef' box (mmol. m`3.d1)
ø Daily N input upper = (River N loading x DAILY FLOVW x Daily Fish Fann DIN
This is the daily nitrogen input in the "upper" box (mmol. m'3.a'1)
o Daily P input lower = Daily Fish Farm PP
This is the daily phosphorus input in the Iowef' box (mmol. m'3.d1)
o Daily P input upper = (River P loading x DAILY FLOl/l/)+DaiIy Fish Farm DIP
This is the daily phosphorus input in the uppef' box (mmol. m'3.d1)
ø Daily FF DIN = FF DIN loading /31
This is the daily input efbN from the sh fenn (mmp.m'~"'.<f')
e Daily FF DIP = FF DIP loading /31
This is the daiy input efDP from the sh farm (mmp.nf3.tf')
o Daily FF PN = FF PN loading / 31
This is the daily input ef PoN from the sh farm (mme.m'.er')
ø Daily FF PP = FF PP loading /31
This is the daily input of POC from the sh farm (mmol. m`3.d1)
Box 5.10. Stella equations modied in the 2003a I 2004a version.
The rest of the variables and parameters used in these versions of the
model were derived from data collected on site during the 2003 and 2004
sampling campaigns. Some of the data sets had to be interpolated and/or
extrapolated in order to input sufficiently good time series into the model
for the output to be of quality. This was done by Professor Paul Tett, using
the software Matlab and Excel. Chlorophyll and nutrient reference values
were inter- and extrapolated to provide one value per month at regular
time steps and solar illumination and river flow were inter- and
extrapolated to provide one value per week at regular time steps.
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All the time series used for the description of this version of the AC model
are presented in Appendix 5.2.
5.5.2. The 2003b / 2004b versions
The versions 2003b and 2004b of the model are relatively similar to the
2003a and 2004a versions. Both include the sh farm data for the year
concerned and the data sets used for the description of the inside of Loch
Creran are the same as the versions 2003a and 2004a.
The main difference between these two versions and the 1975, 2003a and
2004a versions is in the data set used to describe the boundary conditions
of the model. In 2003 and 2004, it was possible to sample regularly at the
Greag lsles", a station outside Loch Creran, in the adjacent Loch Linnhe.
It was therefore possible to describe the properties of the water in the
"boundary" box accurately by using data collected at the Greag lsles"
station.
The chlorophyll and nutrient output of versions a and b were compared
using a Wilcoxon matched-pairs signed-ranks test in order to determine
whether using actual control station data was preferable to using deep
water data for the description of boundary conditions in that case. The
statistics showed no signicant difference (P<< 0.05) between versions a
and b. The initial assumption for the design of the 1975 model can
therefore be considered acceptable: due to the typical ordic water
circulation taking place in Loch Creran and the low residence time of the
water inside the Loch, the water in the lower layer of the Loch has similar
properties to the water in the adjacent Loch Linnhe. This is further
discussed in Chapter 6.
All the time series used for the description of this version of the AC model
are presented in Appendix 5.3.
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5.6. Verification of the AC model
5.6.1. Integration method
There are two main integration methods available in the Stella 8 package:
Euler and Runge-Kutta.
Euleur method:
The Euler (fonvard) integration method is a method for solving ordinary
differential equations using the formula:
yn+1 = yn + h f(Xn, yn)
which advances a solution from x to x+1 = x + h. This method increments
a solution through an interval h, while using derivative information from
only the beginning of the intenal. Press et al. (1992) describe the method
as neither very accurate nor very stable when compared to other methods
using the same step size; however, the accuracy and stability of this
method are acceptable as long as the Courant-Friedrichs-Levvy condition
is fulfilled. This condition states that, given a space discretization, a time
step bigger than some computable quantity should not be taken. ln
situations where this limitation is acceptable, the Euler (fonvard)
integration method is ideal because of its simplicity of implementation.
Runge-Kutta method:
The Runge-Kutta integration method is a method of numerically integrating
ordinary differential equations by using a trial step at the midpoint of an
intenal to cancel out lower-order error terms. There are two types of
Runge-Kutta integration methods offered by Stella 8: the second order
formula, and the fourth order formula. Both are presented below.
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The second-order formula, sometimes known as RK2, is:
k1 = h f(Xn, yn)
kg = h f(X + 0.5h, y + 0.5k1)
y+1 = yn + K2 + 0(h3)
The fourth-order formula, sometimes known as RK4, is:
k1= h f (X, y)
<2 = n f(x + 0.511, y + 0.5 k,)
ka = h f(x + ash, y + 0.5 kg)
k4 =hf(X +h, y+k3)
y = y + 1/6 <, + 1/3 kg + 1/3 ka + 1/6 k., + o(h5)
The Runge-Kutta method is reasonably simple and robust and is a good
option for numerical solution of differential equations when combined with
an intelligent adaptive step-size routine (Press at al., 1992). lt is however
totally unreliable when used with logical switches and/or time series.
In the case of the AC model:
The integration method chosen for the Assimilative Capacity model is
therefore Euler's method. Although a Runge-Kutta integration method is
usually preferred to describe phytoplankton dynamics, its use is
compromised in the AC model by the use of logical switch (if/then/else)
functions and time series in the model set-up. The Runge-Kutta integration
is indeed a more precise method than Euler's but can cause numerical
problems when used with equations containing discontinuities (Peterson &
Richmond, 1996).
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5.6.2. Time step
A time-step that is too big tends to make the model unstable and a time
step which is too small might affect the model output. To determine the
optimal time-step for this particular model, a series of runs were made
using different time-steps (0.025 to 5 day). The output is shown on Figure
5.3.
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Figure 5.4. lmpact of the time step on the AC model output.
The legend shows the time steps used for each simulation. In the case of
a simulation over a year, Stella does not allow the user to choose a time
step below 0.025 day. The analysis shows that any time step over 1 day
would make the model unstable, but any time step between 0.025 day and
1 day was acceptable. The time-step used for the AC model was 0.125
day.
5.6.3. Sensitivity analysis
Sensitivity analyses are used to isolate some model parameters and
detemine the inuence that each parameter has on the output of the
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model. The analyses presented here are one-way sensitivity analyses,
where parameters are examined individually to determine whether their
varying value can alter the output of the model signicantly. The more
sensitive a model is to a particular parameter, the more important it is to
get the initial value for this parameter right.
A sensitivity analysis was carried out for the chlorophyll concentration (X)
state variable in order to test the relative importance of the main
parameters in the model. This was carried out on the 2003 version of the
model for the yield of chlorophyll from nitrogen (q), the yield of chlorophyll
from phosphorus (qp), the loss rate (L) in the boundary box, the "lower"
box and the upper box, the growth rate () and the exchange rate (E).
Each parameter value was increased and decreased by 10% and 50%
and the consequent changes in the state variable value were calculated as
a percentage. The AC model was considered sensitive to a parameter
when the percentage change in the state variable (X) was superior to the
percentage change in the parameter. In the following sections, the
percentage change was calculated during the two chlorophyll peaks, in
spring and autumn, as this is periods when the sensitivity of the model to a
parameter is most likely to show.
Yield of chlorophyll from nitrogen (N_
When the yield of chlorophyll from nitrogen is increased or decreased
(figure 5.5.), the chlorophyll concentration in the upper layer of Loch
Creran is affected. The percentage change calculations presented in table
5.2. show that the sensitivity of the AC model to this parameter is only
statistically signicant for changes of -10% (both spring and autumn
peaks) and +10% (autumn peak only). The model therefore appears to be
sensitive to small changes in the yield of chlorophyll fom nitrogen. lt is
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important to get this value as accurate as possible in the model since any
small change can have a significant impact on the final model output.
Yield of chlorophyll from nitrogen sensitivity analysis
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Figure 5.5. Impact of changing the yield of chlorophyll from nitrogen (q)
on the chlorophyll concentration (X) in the "upper" box.
Table 5.2. Peroentage changes observed in the chlorophyll concentration
when the value of the yield of chlorophyll from nitrogen is changed
Spring peak 49 4 51.9 4
2
Percentage change (%) - 50 + 50 - 10 + 10
Autumn peak 48.4 36.6 44. 31.4
Yield of chlorophyll from phosphorus (__)
If the yield of chlorophyll from phosphorus is increased or decreased
(figure 5.6.), the chlorophyll concentration is unlikely to change in the
upper layer of Loch Creran. The percentage change calculations
presented in table 5.3. show that the sensitivity of the AC model to this
parameter is only statistically signicant for changes of -50% during the
spring peak. A plausible explanation for these results is that in the model's
simulations for Creran, nitrogen is the limiting nutrient and therefore,
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increasing the yield from phosphorus has no effect. The value of this
parameter is therefore not critical and will not have any significant impact
on the output of the model.
Yield of chlorophyll from phosphorus sensitivity
analysis
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Figure 5.6. Impact of changing the yield of chlorophyll from phosphorus (qp) on the
chlorophyll concentration (X) in the "uppef' box.
Table 5.3. Percentage changes observed in the chlorophyll concentration
when the value of the yield of chlorophyll from phosphorus is changed
Percentage change (%) - 5 + 50 - 10 + 10
Spring peak 52 0.6 11.4 1
Autumn peak 14.2 0 0.2 0
Loss rate of phytoplankton (L) in the boundary box:
A change in the loss rate at this station could generate a smaller input of
phytoplankton in the lower layer of Loch Creran, and therefore decrease in
the amount of nutrients available from recycled material.
A change in the loss rate of the phytoplankton at the control station shows
little effect on the final chlorophyll concentration of the upper layer of Loch
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Creran (gure 5.7.). This is conrmed by the percentage change
calculations presented in table 5.4., which show that the sensitivity of the
AC model to this parameter is never statistically signicant. Again, this
shows that the value of this parameter is not critical and changing it would
not have any signicant impact on the output of the model.
Loss rate of phytoplankton outside Loch Creran
sensitivity analysis
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Figure 5.7. Impact of changing the loss rate (L) in the boundary box
on the chlorophyll concentration (X) in the "upper" box.
Table 5.4. Percentage changes observed in the chlorophyll concentration
when the value of the loss rate outside the loch is changed
Spring peak 0.4 1 0.1 0.2
Autumn peak 7.8 2.2 1.2 0.9
Percentage change (%)
- 50 l + 50 I - 10 + 10 l
Loss rate of phytoplankton (L) in the lower layer of Loch Creran
A change in the loss rate of the phytoplankton in the lower layer of Loch
Creran appears to have very little effect on the nal chlorophyll
concentration of the upper layer of Loch Creran (gure 5.8.). This is
confirmed by the percentage change calculations presented in table 5.5.,
which show that the sensitivity of the AC model to this parameter is never
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statistically signicant. Again, this shows that the value of this parameter is
not critical and changing it would not have any signicant impact on the
output of the model.
Loss rate of phytoplankton in the lower layer of Loch
Creran sensivity analysis
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Figure 5.8. Impact of changing the loss rate (L) in the |ower" box
on the chlorophyll concentration (X) in the "upper" box.
Table 5.5. Percentage changes observed in the chlorophyll concentration
when the value of the loss rate in the lower layer of the loch is changed
Spring peak 1.2 1 0.2 0.2
Percentage change (%) - 5 + 50 - 10 + 10
4 5 3 1 0 7 0 9Autumn peak _ . _ _
Loss rate of phytoplankton (L) in the "upper" box:
A change in the loss rate of the phytoplankton in the upper layer of Loch
Creran could have a major impact on the nal chlorophyll concentration of
the same layer.
Changing the value of the loss rate in the "upper" box appears to have
little effect on the chlorophyll concentration in that same box (Figure 5.9.).
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This is conrmed by the peroentage change calculations presented in
table 5.6., which show that the sensitivity of the AC model to this
parameter is never statistically signicant. A possible explanation for this is
that in the AC model, the chlorophyll concentration is dependant on
several parameters and the relative importance of the loss rate is low
compared to the other parameters in combination. Again, this shows that
the value of this parameter is not critical and changing it would not have
any signicant impact on the output of the model.
Loss rate of phytoplankton in the upper layer of
Loch Creran sensitivity analysis
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Figure 5.9. Impact of changing the loss rate (L) in the upper" box
on the chlorophyll concentration (X) in the upper" box.
Table 5.6. Percentage changes observed in the chlorophyll concentration
when the value of the loss rate in the upper layer of the loch is changed
Percentage change (%) - 5 + 50 - 10 + 10
2 7 3 1
Spring peak 11.9 20.3 2.7 3.1
Autumn peak 11.9 20.3 . .
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Growth rate of phytoplankton ()
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Figure 5.10. Impact of changing growth rate of phytoplankton ()
on the chlorophyll concentration (X) in the "upper" box.
A small (10%) variation in the general growth rate of the phytoplankton
appears to have very little impact on the final chlorophyll concentration, a
50% increase appears to generate a moderate increase of the chlorophyll
concentration and a 50% decrease appears to generate a very important
decrease in chlorophyll concentration and smooth out both blooms (gure
5.10.). The percentage change calculations presented in table 5.7. show
that the sensitivity of the AC model to this parameter is only statistically
significant for changes of -50% during the autumn peak. This implies that
the value used for this parameter in the model has to be accurate, but that
the model can tolerate some minor changes to this value without any
detrimental impacts on the nal output.
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Table 5.7. Percentage changes observed in the chlorophyll concentration
when the value of the growth rate is changed
Spring peak 0.6 12.6 9.6 4.3
Autumn peak 70.6 12.4 5.5 4
Percentage change (%)
` - 50 + 50 ` - 10 , + 10 Ã-
Exchange rate (E):
Exchange rate of Loch Creran sensitivity
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Figure 5.11. Impact of changing the Exchange rate (E)
on the chlorophyll concentration (X) in the "upper" box.
A small (10%) variation of the exchange rate appears to have little impact
on the final chlorophyll concentration of the upper layer of Loch Creran
and a 50 % variation appears to generate greater variation in the nal
chlorophyll concentration (gure 5.11.). The percentage change
calculations presented in table 5.8. show that the sensitivity of the AC
model to this parameter is statistically significant for changes of -50%
during the autumn peak, +50% during the spring peak and +10% during
the spring peak. These results also suggest that the signicant changes in
chlorophyll concentration in the upper box are directly proportional to the
changes in exchange rate. lt is therefore very important, when
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implementing the AC model to have as accurate a value of the exchange
rate as possible as the greater the change in the value, the greater the
impact on the nal model output.
Table 5.8. Percentage changes observed in the chlorophyll concentration
when the value of the exchange rate is changed
Spring peak 34.1 62 7.5 10.3
Autumn peak 51.8 39.6 8.5 8.2
Percentage change (%)
\ - 50 + 50 ' - 10 l + 10 `
Summagr:
The percentage change calculated allowed the calculation of a sensitivity
index value (Sl\/) for each parameter using the following equation:
SlV = % variable / % parameter
Where % variable is the percentage change of the state variable and %
parameter is the percentage change of the parameter considered.
According to this equation, the higher the SIV is, the higher the sensitivity
of the model to the parameter considered will be. SlVs above 1 indicate
that the percentage change in the response is greater than the percentage
change in the original parameter change and therefore shows that the
sensitivity is statistically significant. Table 5.9. summarises the results of
the sensitivity analysis carried out on the chlorophyll concentration state
variable through the use of SlVs .
Looking at 50% parameter changes, the AC model shows most sensitivity
to the following parameters: growth rate (during the autumn peak), yield of
chlorophyll from phosphorus (spring peak only) and exchange rate (during
both the spring and autumn peaks).
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Table 5.9. SlVs calculated for the chlorophyll concentration when the value of the
exchange rate is changed. Values marked with an asterisk (*) show a signicant
sensitivity of the AC model to the parameter considered.
Parameter SIV -50 +50 -10 +10
qu
QP
L boundaryâ
L "lower"
L "upper"
P
E
Spring peak
Autumn peak
Spring peak
Autumn peak
Spring peak
Autumn peak
Spring peak
Autumn peak
Spring peak
Autumn peak
Spring peak
Autumn peak
Spring peak
Autumn peak
0.98 0.08 5.19 *
4.42 *
1.14 *
0.968
1.04*
0.284
0.008
0.156
0.024
0.09
0.238
0.328
0.012
1.412*
0.682
1.036 *
0.732
0.012
0
0.02
0.044
0.02
0.062
0.406
0.338
0.252
0.248
1.24*
0.792
0.02
0.01
0.12
0.02
0.07
0.27
0.31
0.96
0.55
0.75
0.85
0.4
3.14 *
0.1
0
0.02
0.09
0.02
0.09
0.31
0.328
0.43
0.4
1.03 *
0.82
Looking at 10% parameter changes, the AC model shows most sensitivity
to the following parameters: yield of chlorophyll from nitrogen (during both
the spring and autumn peaks), yield of chlorophyll from phosphorus
(spring peak only) and exchange rate (spring peak only).
This sensitivity analysis was carried out on only one of the AC model's
state variables. For greater accuracy and for a better understanding of the
model, the process could have been repeated for other state variables
since each one is likely to respond differently to various parameter value
changes. Moreover, the choice of a particular statistic (e.g. "average" or
"maximum" chlorophyll concentration) of the state variable used for
comparison is important too. If the main aim of the model is to predict
worst-case scenarios for chlorophyll concentration, it would be better to do
the sensitivity analysis using the "maximum" chlorophyll concentration. ln
this thesis, the model is used as a tool for the prediction of the "average"
173
chlorophyll concentration in the "upper" box of the model. The sensitivity
analysis was therefore carried out using this particular variable.
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CHAPTER 6
MODELLING RESULTS
This chapter presents the results obtained from the modelling work. Firstly,
it focuses on the agreement between simulations and observations for
chlorophyll, dissolved inorganic nitrogen and dissolved inorganic
phosphorus, for each version of the model, looking at the Stella outputs.
This is followed by a thorough statistical analysis of the results obtains.
Then, the nutrient budgets within Loch Creran are presented and the
importance of boundary conditions is discussed. Finally, possible ways of
improving overall agreement are presented.
6.1. Chlorophyll predictions
6.1.1. Version 1975
The 1975 chlorophyll simulation shows a good agreement between
simulated and obsen/ed values in the upper layer of Loch Creran (Figure
6.1.). Winter and spring appear particularly good, with the predictions
matching both the amplitude and the phase of the observations. In
summer however, the model predictions appear to underestimate the
chlorophyll concentrations present in the upper layer of Loch Creran (1
mg/m3 instead of 3 mg/m3). In autumn on the contrary, the model
prediction appear to overestimate the chlorophyll concentrations,
presenting a late autumn peak which was not recorded during the
observational work.
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Chlorophyll concentrations in 1 975, upper layer of Loch '
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Figure 6.1. Comparisons between chlorophyll concentrations predictions and
observations in the upper layer of Loch Creran in 1975. The solid red line represents the
model predictions and the scattered blue dots represent the values obtained during the
observational work.
6.1.2. Version 2003a
Chlorophyll concentrations in 2003, upper layer of Loch
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Figure 6.2. Comparisons between chlorophyll concentrations predictions and
observations in the upper layer of Loch Creran in 2003. The solid red line represents the
model predictions and the scattered blue dots represent the values obtained during the
observational work.
The 2003a chlorophyll simulation shows a poor agreement between
simulated and observed values in the upper layer of Loch Creran (Figure
6.2.). The agreement appears good in winter, but for the rest of the year,
the AC 2003a model appears to be overestimating the chlorophyll
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concentrations in the upper layer of Loch Creran. In the spring the model
predicts a chlorophyll peak reaching 16 mg/m3 whereas the value
measured during the obsenational work was only approximately 3 mg/m3.
Similarly, the model appears to predict a late summer peak of chlorophyll,
which was not recorded during the observational work.
6.2.3. Version 2003b
Chlorophyll concentrations in 2003, upper layer of Loch
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Figure 6.3. Comparisons between chlorophyll concentrations predictions and
observations in the upper layer of Loch Creran in 2003. The solid red line represents the
model predictions and the scattered blue dots represent the values obtained during the
obsenational work.
Again, the 2003b chlorophyll simulation shows a poor agreement between
simulated and observed values in the upper layer of Loch Creran (Figure
6.3.). The agreement appears good in winter and late spring, but for the
rest of the year, the AC 2003b model appears to be overestimating the
chlorophyll concentrations in the upper layer of Loch Creran. In the spring
the model predicts a chlorophyll peak reaching 14 mg/m3 whereas the
value measured during the obsenational work was only approximately 3
mg/m3. Similarly, the model appears to predict an autumn peak of
chlorophyll, which was not recorded during the observational work.
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6.2. Dissolved Inorganic Nitrogen (DIN)
predictions
6.2.1. Version 1975
DIN concentration in 1975, upper layer of Loch Creran
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Figure 6.4. Comparisons between DIN concentrations predictions and observations in the
upper layer of Loch Creran in 1975. The solid red line represents the model predictions
and the scattered blue dots represent the values obtained during the obsenational work.
The 1975 DIN simulation shows a good agreement between simulated
and observed values in the upper layer of Loch Creran (Figure 6.4.).
Winter, spring and summer all appear particularly good, with the
predictions matching both the amplitude and the phase of the
obsenations. In autumn however, the model predictions appear to get out
of phase with the observations, thus underestimating the DIN
concentrations present in the upper layer of Loch Creran at a given time.
6.2.2. Version 2003a
The 2003a DIN simulation also shows a good agreement between
simulated and observed values in the upper layer of Loch Creran (Figure
6.5.). Winter, spring and summer all appear particularly good, with the
predictions matching both the amplitude and the phase of the
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observations. But again, in autumn the model predictions appear to get out
of phase with the observations, thus underestimating the DIN
concentrations present in the upper layer of Loch Creran at a given time.
DIN concentrations in 2003, upper layer of Loch Creran
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Figure 6.5. Comparisons between DIN concentrations predictions and observations in the
upper layer of Loch Creran in 2003. The solid red line represents the model predictions
and the scattered blue dots represent the values obtained during the observational work.
6.2.3. Version 2003b
DIN concentrations in 2003, upper layer of Loch Creran
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Figure 6.6. Comparisons between DIN concentrations predictions and obsenations in the
upper layer of Loch Creran in 2003. The solid red line represents the model predictions
and the scattered blue dots represent the values obtained during the observational work.
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The 2003b DIN simulation presents exactly the same pattern of agreement
with observations as the 2003a simulation (Figure 6.6.). lt also shows a
very good agreement between simulated and observed values in the
upper layer of Loch Creran. Winter, spring and summer all appear
particularly good, with the predictions matching both the amplitude and the
phase of the observations. But again, in autumn the model predictions
appear to get out of phase with the observations, thus underestimating the
DIN concentrations present in the upper layer of Loch Creran at a given
time.
6.3. Dissolved lnorganic Phosphorus (DIP)
predictions
6.3.1. Version 1975
DIP concentrations in 1975, upper layer of Loch Creran
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Figure 6.7. Comparisons between DIP concentrations predictions and observations in the
upper layer of Loch Creran in 1975. The solid red line represents the model predictions
and the scattered blue dots represent the values obtained during the observational work.
The 1975 DIP simulation shows a rather poor agreement between
simulated and observed values in the upper layer of Loch Creran (Figure
6.7.). ln late winter and summer, the model appears to overestimate DIP
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concentrations, whereas in spring and early winter it appears to
underestimate them. The AC 1975 model also predicts a drop in DIP
concentrations at the end of the autumn I beginning of the winter, but this
was not recorded during the obsenational work.
6.3.2. Version 2003a
The 2003a DIP simulation shows a good agreement between simulated
and observed values in the upper layer of Loch Creran (Figure 6.8.).
Winter and spring appear particularly good, with the predictions matching
both the amplitude and the phase of the obsenations. ln late spring,
summer, and autumn however, the agreement between simulations and
observation is not so good. The 2003a AC model appears to overestimate
the late spring DIP concentrations and to underestimate the summer and
autumn DIP concentrations.
DIP concentration in 2003, upper layer of Loch Creran
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Figure 6.8. Comparisons between DIP concentrations predictions and observations in the
upper layer of Loch Creran in 2003. The solid red line represents the model predictions
and the scattered blue dots represent the values obtained during the obsenational work.
6.3.3. Version 2003b
The 2003b DIP simulation presents exactly the same pattem of agreement
with observations as the 2003a simulation (Figure 6.9.). lt also shows a
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good agreement between simulated and observed values in the upper
layer of Loch Creran, with winter and spring appearing particularly good
and the predictions matching both the amplitude and the phase of the
obsenations. But again, in late spring, summer, and autumn the
agreement between simulations and observation is not so good: the 2003a
AC model appears to overestimate the late spring DIP concentrations and
to underestimate the summer and autumn DIP concentrations.
DIP concentration in 2003, upper layer of Loch Creran
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Figure 6.9. Comparisons between DIP concentrations predictions and observations in the
upper layer of Loch Creran in 2003. The solid red line represents the model predictions
and the scattered blue dots represent the values obtained during the observational work.
6.4. Statistical analysis
6.4.1. Measuring the goodness of fit
Figures 6.11. to 6.18. show the results of the statistical analysis carried out
on all the versions of the model for chlorophyll, DIN and DIP. The top row
of graphs shows the direct output from the model and therefore includes
the boundary conditions used to force the simulation. In the lower row of
graphs the values minus the simultaneous boundary value are plotted.
This difference represents, in the case of the simulations, what the model
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'interior' adds or subtracts to chlorophyll or nutrient concentration in the
water arriving from the sea. ln each figure, graphs (c) and (d) present
scatter plots of obsened values against values simulated for the same
day. A good fit between the model and the observations would be
indicated by points in graphs (c) and (d) plotting close to a line of unit
slope.
A statistical test of the goodness of fit was also carried out. A regression
line with a slope of 1 and an intercept of 0 was fitted to the data and the
regression of this was used to assess the t of the model to the observed
data. For this purpose, a one sample test of a (standardised) major axis
slope was carried out using the software R. This test is used to determine
whether the slope of a major axis (a linear regression line in this case)
equals a specific value (1 in this case) by testing for correlation between
residual and tted values. The signicance of the correlation (for p=0.05) is
shown by the value of P and an estimate of the slope (b) was calculated. A
value of P inferior to 0.05 indicates a signicant departure from the slope
of 1. A condenoe intenal (CI) for the slope is also shown; it is the primary
confidence intenal found by inverting the one-sample test statistic.
6.4.2. Version 1975
Table 6.1 .Statistical analysis of version 1975.
Variable Correlation: simulations Correlation: corrected for df
and observations boundary conditions
Chlorophyll P=1.47E-07, b=0.385 P=1.25E-09, b=0.231 23
Cl=0.216' 0.558 Cl=0.068' 0.394
DIN P=0.319*: b=1.127 P=1.07E-,13, b=0.149 19
Cl=0.874; 1.379 Cl=0.051; 0.247
DIP P=0.090*, b=1.117 P=3.26E-12, b=0.219 19
Cl=0.983; 1.250 Cl=0.099; 0.338
Values of P indicating a significant correlation are marked with an asterisk
(*)-
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ln this basic version of the model, the data used to simulate the boundary
conditions are measurements taken from the deeper layer of water inside
Loch Creran, as no data were collected outside the Loch. A summary of
the numerical results is presented in Table 6.1.
Chloroghyll:
When looking at the correlation between simulations and obsenations for
chlorophyll concentration, Figure 6.10. (a) suggests a good agreement
between observations and simulations. However, the statistical test
returned a value of P=1.47E-07, showing that there is a signicant
departure from the slope of 1 (for df = 23) and that there is a significant
difference between the observations and the simulations.
When the correlation between simulations and obsenations is corrected
for boundary conditions, Figure 6.10. (b) suggests a good agreement
between obsenations and boundary condition-corrected simulations.
However, the statistical test returned a value of P=1.25E-09, showing that
there is a signicant departure from the slope of 1 (for df = 23) and that
there is a significant difference between the obsenations and the
simulations.
Dissolved lnorqanic Nitroqen (DlN);
When looking at the correlation between simulations and obsenations for
DIN concentration, Figure 6.11. (a) suggests a good agreement between
obsenations and simulations. The statistical test returned a value of
P=0.319, showing that there is no signicant departure from the slope of 1
(for df = 19) and that there is indeed a significant correlation between the
obsenations and the simulations.
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When the correlation between simulations and obsenations is corrected
for boundary conditions Figure 6.11. (b) suggests a good agreement
between observations and boundary condition-corrected simulations.
However, the statistical test returned a value of P=1.07E-13, showing that
there is a significant departure from the slope of 1 (for df = 19) and that
there is a significant difference between the obsenations and the
simulations.
Dissolved lnorganic Phosphorus (DIPL
When looking at the correlation between simulations and obsenations for
DIP concentration, Figure 6.12. (a) suggests a good agreement between
observations and simulations. The statistical test returned a value of
P=0.090, showing that there is no significant departure from the slope of 1
(for df = 19) and that there is indeed a signicant correlation between the
observations and the simulations.
When the correlation between simulations and observations is corrected
for boundary conditions Figure 6.12. (b) does not suggest a good
agreement between observations and boundary condition-corrected
simulations. However, the statistical test returned a value of P=3.26E-12,
showing that there is a signicant departure from the slope of 1 (for df =
19) and that there is a significant difference between the obsenations and
the simulations.
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6.4.3. Version 2003a
In this version of the model, the data used to simulate the boundary
conditions are once again measurements taken from the deeper layer of
water inside Loch Creran, in order to replicate the 1975 version. A
summary of the numerical results is presented in Table 6.2.
Table 6.2.Statistical analysis of version 2003a.
Variable Correlation: simulations Correlation: corrected for df
and observations boundary conditions
chlorophyll P=0.314*, b=1.868 P=0.500*, b=0.248 9
Cl=0.136; Cl=-2.027;
3.600 2.523
DIN P=0.482*, b=1.124 P=1.38E-05, b=0.099 9
Cl=0.765; 1.483 C|=-0.143; 0.342
DIP P=O.457*, b=1.111 P=6.59E-05, b=0.125 9
Cl=0.807; 1.416 C|=-0.158; 0.408
Again, values of P indicating a signicant correlation are marked with an
asterisk (*).
Chlorophyll:
When looking at the correlation between simulations and obsen/ations for
chlorophyll concentration, Figure 6.13. (a) does not suggest a good
agreement between observations and simulations. However, the statistical
test carried out returned a value of P=0.314, showing that there is no
signicant departure from the slope of 1 (for df = 9) and that there is a
significant correlation between the observations and the simulations.
When the correlation between simulations and obsenations is corrected
for boundary conditions Figure 6.13. (b) suggests a good agreement
between observations and boundary condition-corrected simulations. The
statistical test carried out returned a value of P=0.500, showing that there
is no signicant departure from the slope of 1 (for df = 9) and that there is
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indeed a significant correiation between the obsenations and the
simulations.
Dissolved lnorqanic Nitrogen (DlN);
When looking at the correlation between simulations and observations for
DIN concentration, Figure 6.14. (a) suggests a good agreement between
observations and simulations. The statistical test carried out returned a
value of P=0.482, showing that there is no signicant departure from the
slope of 1 (for df = 9) and that there is indeed a signicant correiation
between the observations and the simulations.
When the correiation between simulations and observations is corrected
for boundary conditions Figure 6.14. (b) suggests a good agreement
between obsenations and boundary condition-corrected simulations.
However, the statistical test carried out returned a value of P=1.38E-05,
showing that there is a significant departure from the slope of 1 (for df = 9)
and that there is a signicant difference between the observations and the
simulations.
Dissolved Inorqanic Phosphorus (DlP);
When looking at the correlation between simulations and obsenations for
DIP concentration, Figure 6.15. (a) suggests a good agreement between
observations and simulations. The statistical test carried out returned a
value of P=0.457, showing that there is no signicant departure from the
slope of 1 (for df = 9) and that there is indeed a signicant correiation
between the observations and the simulations.
When the correlation between simulations and observations is corrected
for boundary conditions Figure 6.15. (b) suggests a good agreement
between observations and simulations. However, the statistical test carried
190
out returned a value of P=6.59E-05, showing that there is a significant
departure from the slope of 1 (for df = 9) and that there is a significant
difference between the observations and the simulations.
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6.4.4. Version 2003b
In this version of the model, the data used to simulate the boundary
conditions are measurements taken from the sampling station outside
Loch Creran, in order to make the model as accurate as possible. A
summary of the numerical results is presented in Table 6.3.
Table 6.3.Statistical analysis of version 2003b.
Variable Correlation: simulations Correlation: corrected for df
and observations boundary conditions
chlorophyll P=0.574*, b=1.418 P=0.654*, b=0.589 9
CI=-0.104; 2.939 Cl=-1.295; 2.472
DIN P=O.376*, b=1.142 P=1.14E-05, b=0.119 9
Cl=0.818; 1.465 Cl=:0.112; 0.351
DIP P=0.836*, b=0.969 P=1.80E-05, b=0.14O 9
Cl=0.656; 1.281 CI=-0.099; 0.378
Again, values of P indicating a signicant correlation are marked with an
asterisk (*).
Chloroghyll:
When looking at the correlation between simulations and observations for
chlorophyll concentration, Figure 6.16. (a) does not suggest a good
agreement between observations and simulations. However, the statistical
test carried out returned a value of P=0.574, showing that there is no
significant departure from the slope of 1 (for df = 9) and that there is a
significant correlation between the obsenations and the simulations.
When the correlation between simulations and obsenations is corrected
for boundary conditions Figure 6.16. (b) does not suggest a good
agreement between observations and boundary condition-corrected
simulations. However, the statistical test carried out returned a value of
P=0.654, showing that there is no signicant departure from the slope of 1
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(for df = 9) and that there is a significant correlation between the
obsenations and the simulations.
Dissolved lnorganic Nitrogen (DIN);
When looking at the correlation between simulations and observations for
DIN concentration, Figure 6.17. (a) suggests a good agreement between
obsenations and simulations. The statistical test carried out returned a
value of P=0.376, showing that there is no signicant departure from the
slope of 1 (for df = 9) and that there is indeed a signicant correlation
between the obsenations and the simulations.
When the correlation between simulations and obsenations is corrected
for boundary conditions Figure 6.17. (b) suggests a good agreement
between obsenations and boundary condition-corrected simulations. The
statistical test carried out returned a value of P=1.14E-05, showing that
there is a signicant departure from the slope of 1 (for df = 9) and that
there is a signicant difference the observations and the simulations.
Dissolved lnorqanic Phosphorus (DlP)_:
When looking at the correlation between simulations and obsenations for
DIP concentration, Figure 6.18. (a) suggests a good agreement between
obsenations and simulations. The statistical test carried out returned a
value of P=0.836, showing that there is no significant departure from the
slope of 1 (for df = 9) and that there is indeed a signicant correlation
between the obsenations and the simulations.
When the correlation between simulations and obsenations is corrected
for boundary conditions Figure 6.18. (b) does not suggest a good
agreement between observations and simulations. The statistical test
carried out returned a value of P=1.80E-05, showing that there is a
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significant departure from the slope of 1 (for df = 9) and that there is
indeed a significant difference between the obsenations and the
simulations.
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6.4.5. Discussion and conclusions
According to the statistical test carried out, the agreement between
simulations and observations is always significant, except for the
chlorophyll in the 1975 version. The agreement between simulations and
observations corrected for boundary conditions (BCs) is however never
significant. This shows the importance of the boundary conditions in all
versions and how they regulate the processes described in the model. lt
can therefore be argued that the model's representation of "interior"
processes is maybe not strong enough to replicate the conditions inside
the Loch.
Moreover, for all parameters presenting a good agreement between
observations and simulations (except for phosphorus in the version 2003b
and chlorophyll adjusted for boundary conditions) the slopes calculated
were superior to 1, showing that the model tends to overestimate the
values of simulations compared with observations. This was most marked
for chlorophyll in the versions 2003a and 2003b.
Finally, the parameter values that gave a good agreement for 1975
hindcast too much chlorophyll in 2003. Because observed and simulated
DIN remain in good agreement in 2003, it can be concluded that
phytoplankton growth and removal of DIN have been simulated correctly
but that either the yield of chlorophyll from nitrogen is lower or the loss rate
of phytoplankton is higher in 2003 compared to 1975.
6.5. Nutrient budgets
Simulated budgets for dissolved inorganic nitrogen (DIN) in 1975 and
2003 are compared in Figure 6.19. The "source" terms include the DIN
input from the sea (the "boundary" box of the model) to the bottom water of
Loch Creran (the model's lower layer"), the DIN in river discharge and the
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DIN from the fish farm (both direct input to the upper layer'), the input of
mineralized particles to the lower layer", and the recycling of nitrogen in
microplankton lost to grazers. The Iatter term is particularly low because
the loss rate in the upper layer was deemed to be small. The sink" terms
include the DIN loss from the Loch's surface layer to the sea and the
uptake of DIN in the upper layer" as the result of light-driven growth.
During both 1975 and 2003, the exchange with the sea dominates the
simulated budget during autumn and winter and in 1975, it provides the
main source of nitrogen during the spring and summer. During spring and
summer 2003, however, the sh farm input of nitrogen is important and is
balanced by a greater phytoplankton nutrient uptake (see Table 6.4.).
As the budgets in Figure 6.19. show, boundary exchanges (and thus the
sea-boundary conditions) are the most important contributors towards
nitrogen dynamics during autumn and winter and internal, biogeochemical
processes of nutrient uptake becomes relatively more important during
spring and summer. River inputs are relatively small, whereas the fish farm
in Loch Creran, which consumed 2147 tons of food during the year, made
a signicant contribution (shown in Table 6.4.) to spring and summer
nutrients. However, the observed nutrient concentrations are not
significantly greater in 2003 than in 1975. This is likely due to the rapid
flushing of the Loch which prevents any substantial increase in nutrient
concentration.
202
old'knold'
E.4 oo
200
0
300
- zoo
-OO
S00 I I 1 1
-: 200 N sources in :1975
__._
I r
00 5 100 [50 §3 150 'C 350
gwg-J:
k 1.o0
KA
-ºfrÄ±
.=z=* -1=_,Iº.¬.f_.300 g I Ä
±
Nsinksin :W75
I I I-
, 11; I
0 v&._.ø:*.. «_º_ß_r'_.~.-=0 50 100 150 200
I I I Ä±
250 30 '.550
f \-.
-O 200
%E -.x 100
N sources in :2003
I I I
J/f
Ü 5 lw M150 .§2 §0 '3-(X) 350
1*1 §1
Ä«§~, af fI I I I I
N sinks i 221103
1 1 f-± 3» «1
___._._..__...__... ..=...¬...`;^.'Ü;;.'\â
|
, f .
0 '1L«º:`@1....--.º.§;;;~.s;.«~±~.`-ß-:;~f=::,;_.; - ~' ' ;â0 50 I0 '0 1% 200 -50 31 350
Iulänn day
_¬<l%â
Ä±
Ã-
inow
dwr
farm
recycle
ouflowuçtnke
ínow
riwr
fnn11
recycle
outow
uake-
Figure 6.19. Comparison of simulated budgets for dissolved inorganc
nitrogen in 1975 and 2003 (from Laurent et al., 2006).
Table 6.4. Annual totals of nitrogen sources and sinks in 1975 and 2003
in Mmol D|N.year`1 (from Laurent et al., 2006)
From From
sea river
From
sh
farm
Recycled To sea Uptake
1975 33.4
2003 35.0
..º_âº
05|\J
0.0
8.8
0.7
3.1
31.6
31.5 52
6.6. lmproving overall precision and accuracy
6.6.1. Introduction of turbidity data
The basic version of the model had the attenuation coefcient k as a xed
parameter. A time series of turbidity data (in the form of attenuation
coefcient) was added to the basic version of the model in a bid to improve
the quality of the model output. This was done on all three versions of the
model (1975, 2003a and 2003b).
The turbidity variable was calculated from the secchi depths
measurements obtained during the observational work, using the following
equation (Sanden & Håkansson, 1996):
Z3 = fs/Kd
Where Kd is the attenuation coefficient in the water column and fs is a
constant. The factor fs in this equation is about 1.7 in clear marine waters
(Raymont, 1967), falling to about 1.4 in turbid coastal waters with high
suspended sediment load (Holmes, 1970) and increasing to higher values
(1.84) in the low-salinity waters of the Baltic Sea (Edler, 1997). ln the case
of Loch Creran, the value of fs was estimated at 1.4 (Tett, personal
communication).
The turbidity data obtained were inter- and extrapolated where necessary
before inclusion in the modied model.
The time series used for each version of the model is available in
Appendix 6.1. Figures 6.20., 6.21, and 6.22. show a three-way comparison
between observations (blue dots), basic model predictions (solid red line)
and model predictions modied for turbidity (red dotted line) for the
versions 1975, 2003a and 2003b, respectively. The vertical error bars
represent the standard error for each point.
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Modied 1975 version:
The modification of the 1975 version of the AC model for turbidity led to
significant changes in the output of the model (Figure 6.20). In terms of
chlorophyll concentrations, the predictions fit poorly with the obsenations,
with the spring peak starting too late by 25 days and being predicted too
low (5.5 mg.m`3 instead of 15 mg.m`3). The summer and autumn
chlorophyll concentrations predictions are much lower than the
observations, too. In terms of DIN concentration, the model predictions are
accurate during the summer, autumn and winter months, but the spring
decrease is out of phase by approximately 25 days. In terms of DIP
concentration, the model predictions are accurate during the autumn and
early winter months, but the spring decrease is slightly out of phase by
approximately 20 days. Summer predictions are higher than obsenations.
When compared to the original 1975 version, the chlorophyll concentration
predictions of the modied model are overall poorer, but the nutrient
predictions are generally better, except during the spring.
Modied 2003a version:
The modication of the 2003a version of the AC model for turbidity led to
signicant changes in the output of the model (Figure 6.21). In terms of
chlorophyll concentrations, the predictions of the spring peak are in phase
with the obsenations, but the peak is predicted too high (9 mg.m'3 instead
of 3 mg.m'3). The summer and autumn chlorophyll concentrations
predictions are much higher than the obsenations, too. In terms of DIN
concentration, the model predictions are too high during the summer and
too low during the autumn, and the spring decrease is out of phase by
approximately 20 days. In terms of DIP concentration, the model
predictions are accurate during the summer and autumn months, but the
spring decrease is out of phase by approximately 20 days. When
compared to the original 2003a version, all predictions of the modied
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model are overall poorer, except for the chlorophyll and the DIP
concentrations in summer and autumn.
Modified 2003b version:
The modification of the 2003b version of the AC model for turbidity led to
significant changes in the output of the model (Figure 6.22). The pattern is
very similar as the one observed for the 2003a version. ln terms of
chlorophyll concentrations, the predictions of the spring peak are in phase
with the obsen/ations, but the peak is predicted too high (9mg.m`3 instead
of 3mg.m'3). The summer and autumn chlorophyll concentrations
predictions are much higher than the obsenations, too. ln terms of DIN
concentration, the model predictions are too high during the summer but
are close to the observations in the autumn, and the spring decrease is
out of phase by approximately 20 days. ln tems of DIP concentration, the
model predictions are too low during the summer and autumn months and
the spring decrease is out of phase by approximately 20 days. When
compared to the original 2003a version, all predictions of the modified
model are overall poorer, except for the chlorophyll and the DIP
concentrations in summer and autumn.
Conclusion:
The introduction of a turbidity parameter into the AC model does not
appear to improve the general t of the model in 1975, except for the
prediction of nutrient concentrations during the second half of the year.
This might be due to the fact that 1978 turbidity data had to be used for
forcing the model because turbidity was not measured in 1975. In 2003a
and 2003b, the chlorophyll concentration and the autumn nutrient
concentrations predictions are improved after the introduction of turbidity
into the model. This suggests that the newly introduced time series for the
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attenuation coefficient are more accurate in predicting chlorophyll
concentration than the initial constant.
The lack of improvement in the goodness of t despite the introduction of
better optical data can have a variety of origins. One possibility is that the
parameters describing the optical data were given too much inuence over
the bio-chemical processes computed in the model. Chlorophyll and
nutrient concentrations are all state variables inuenced by both physical
and bio-chemical parameters and there is a possibility that the importance
of optical parameters was overestimated. Another aspect to take into
account is that the optical data set had to be inter- and extrapolated in
order to provide an adequate time series to the model. Although this has
been done using a known Matlab routine designed by Paul Tett, there is
always a risk that the data produced are inaccurate. Finally, there is a
possibility that the values of some other parameters in the model are not
accurate. The sensitivity analysis carried out in Chapter 5 has
demonstrated that the model is more sensitive to some parameters than
others. If the value chosen for these parameters is slightly inaccurate, the
use of a time series instead of constants in other parameters such as
optical data might highlight a slight error in the model and therefore
contribute to produce an inaccurate output from the model. All these
aspects should be assessed i any further work was carried out using the
AC model in its current state.
6.6.2. Other possible changes
The sensitivity analysis presented in Chapter 5 show that the two main
parameters in the AC model (apart from the optical-photosynthetic sub-
model) are the exchange rate (E) and the yield of chlorophyll from
nutrients (q). lt is particularly important to have both parameters described
as accurately as possible in the model as any variation in them is likely to
show on the model output. Chlorophyll yield values are almost universal
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and have been well documented over the years (Edwards, 2001). The
exchange rate however is unique to a system and its estimation is more
difficult (Gillibrand, 2001).
Despite the value of these parameters being carefully chosen, the average
fit of the AC model on some occasions might be explained by an
inadequate value of q and/or E.
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Figure 6.20. Outputs of the 1975 version of the AC model modied for turbidity.
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Figure 6.21. Outputs of the 2003a version of the AC model modied for turbidity
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Figure 6.22. Outputs of the 2003b version of the AC model modied for turbdty
6.7. Conclusion
The agreement between the AC model and the obsenations is generally
good, except for chlorophyll in the versions 2003a and 2003b. The
addition of turbidity data as time series into the model appears to improve
the agreement for the 2003a and 2003b versions but make the 1975
predictions worse. Changing the chlorophyll yield and exchange rate
values might also improve the overall fit of all versions.
A comparison between 1975 and 2003 using simulated nutrientbudget
shows that during autumn and winter, the main source of nitrogen is the
sea. This is also true for spring and summer in 1975 but in 2003, the fish
fam in responsible for most of the nitrogen input at this period.
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CHAPTER 7
ESTIMATION OF LOCH CRERAN'S
ASSIMILATIVE CAPACITY
This chapter shows how the AC model ts into the current research into
assimilative capacity, and how it can be used for the estimation of the
assimilative capacity of Loch Creran. The contributions of the sh farm to
the Loch's assimilative capacity are then calculated for both DIN and DIP.
A discussion follows on the strength and weaknesses of this estimation
method and its potential uses in coastal management.
7.1. Introduction
A number of studies looking at the assimilative capacity of semi-enclosed
environments have been carried out over the past two decades. The fist
studies were related to sh farm impact, the yield of chlorophyll from
nutrients and water exchange.
Tett (1986) looked at physical exchange and the dynamics of
phytoplankton in Scottish sea-lochs. A single box model describing
freshwater inows and salinity distributions was used to estimate the effect
of exchange on the dynamics of phytoplankton populations in Scottish
sea-lochs. The results of the simulation suggested that phytoplankton
growth and losses is usually in balance in a Scottish sea-loch, with little
net export of primary production.
Various studies were also carried out to assess the potential impacts of
aquaculture on Scottish sea-Iochs (Gowen & Bradbury, 1987; Gowen &
213
Ezzi, 1992) and Gowen et al. (1992) looked at the possible use of the yield
of chlorophyll from nitrogen (q) for the prediction of marine eutrophication.
The relationship between nitrate and phytoplankton chlorophyll
concentrations was studied at several sites on the Scottish West coast and
the results suggested that an appropriate value of q could be used to
predict the potential maximum increase in phytoplankton which would
result from a given anthropogenic nitrogen discharge.
Later on, several models were developed to try and simulate ordic
ecosystems and help with the management of regions of restricted
exchange.
The rst one was a 'Strategic Simulation Model' of a ord ecosystem and
was looking at the impacts of nutrient enrichment. Ross et al. (1993a)
designed a model which incorporated all the major physical and biological
elements of the system but remained simple enough to allow the user to
fully understand the mechanisms described. The simulations
demonstrated that the primary production in Scottish sea-lochs is primarily
controlled by physical factors and the activity of higher trophic levels, with
the tidal and freshwater flushing determining the balance of nutrient import
and export in the Loch. This model was later used to assess the effects of
potential disturbances on a sea-loch ecosystem (Ross et al., 1993b). The
results showed that grazing pressure was the main factor controlling
primary production and that in the absence of grazing control, primary
production becomes nutrient limited.
The second one was an 'Equilibrium Concentration Enhancement' model
and focused on physical exchange. Gillibrand & Turrell (1997) looked at
the use of simple models as management tools for the regulation of fish
farming in Scottish sea-lochs and Gillibrand (2001) designed a two
dimensional model for the calculation of exchange times in a Scottish ord.
By simulating the transport of a passive, consenative tracer, the turnover
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times for Loch Fyne and its sub-basins were calculated and the variability
in the exchange times was examined.
The third one was the FjordEnv' model described in Chapter 1, which was
looking at physical exchange and the effects of fish farming on water
transparency and oxygen concentrations (Stigebrandt, 2001).
Finally, the 'Worst Case CSTT' model presented in Chapter 1 was
developed to simulate the impact of nutrient enrichment in regions of
restricted exchange (Tett et al., 2003).
The AC model is the continuation of this stream of research and combines
physics and chemistry-biology models. lt focuses on the impact of nutrient
enrichment on chlorophyll concentrations in regions of restricted exchange
and allows the user to calculate the assimilative capacity of a sea-loch in
terms of dissolved inorganic nutrients.
7.2. Methods
For this study, the assimilative capacity was dened as the maximum daily
amounts of nutrients (in M.d`1) which can be added to the upper layer of
Loch Creran (averaged over a one year period) without generating
chlorophyll concentrations higher than 10 mg.m'3. This threshold value
was proposed by the CSTT (1997) as an EQS for chlorophyll
concentration in coastal waters.
The assimilative capacity was estimated using the versions 1975 and
2003a of the AC model. Due to the presence of several mussel farms in
the study site, and considering the results discussed in Chapter 4, it was
thought that the assimilative capacity of Loch Creran might be higher in
the 2000s than it was in the 1970s. The 1975 assimilative capacity value
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could therefore be considered as the "true" assimilative capacity of the
Loch, before the start of any major human activities. The 2003 value would
be the "current" assimilative capacity of the Loch, considering the activities
already in place (except the sh farm). This is not absolutely true as there
is a possibility that the alginate extraction plant was altering water quality
in 1975, but offers a good point of comparison.
For both years, the assimilative capacity was estimated for the "upper" box
of the model and the nutrient concentration values were only altered in this
box. Considering the circulation pattern imposed on the model, it is
assumed that the results would be a good approximation of the
assimilative capacity at basin scale. _
The assimilative capacity was estimated for each state variable by making
the variable a constant and changing its value until the threshold of 10
mg.m`3 was reached by the chlorophyll concentration" variable in the
same box. Although the use of a constant as a forcing parameter is not
ideal for the use in the AC model, it was thought to be a simpler approach
and it had the advantage of providing the estimation of the assimilative
capacity as an average daily concentration.
For both years, a preliminary run was made using the sensitivity run"
function in Stella. This allows the model to run several time while changing
the value of a parameter by regular increment. Once a range of values
generating chlorophyll concentrations of around 10 mg.m'3 were identified,
a series of simulations were carried out, using smaller increments, in order
to determine the assimilative capacity value.
The N:P ratio is dened in the AC model as a function of the yield of
chlorophyll from phosphorus (Pq) and the yield of chlorophyll from nitrogen
("'q)=
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N:P = Pq /Nq
In the upper box of the model, Pq has a value of 30 and Nq has a value of
2.5, resulting in a N:P ratio of 12. This ratio was respected when
calculating the assimilative capacity for each nutrient: while one parameter
was made a constant, the other one remained a function of the studied
parameter, thus maintaining a constant N:P ratio.
7.3. Results
7.3.1. Assimilative capacity for nitrogen
Version 1975:
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Figure 7.1. Series of simulations carried out to identify the assimilative capacity of
Loch Creran for nitrogen in 1975. The legend shows the nutrient concentration
value used for each run.
The simulation was carried out for nitrogen concentrations ranging
between 0 and 1 M with a size step of 0.2 M. The output shows that the
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chlorophyll concentration exceeds 10 mg.m'3 with a nitrogen concentration
of 0.8 M. The 1975 assimilative capacity of Loch Creran for nitrogen is
therefore estimated at 0.75 M.
Version 2003a:
The simulation was carried out for nitrogen concentrations ranging
between 0 and 2 M, with a size step of 0.2 M. The output shows that the
chlorophyll concentration exceeds 10 mg.m'3 with a nitrogen concentration
of 1.4 M. The 2003 assimilative capacity of Loch Creran for nitrogen is
therefore estimated at 1.2 M.
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Figure 7.2. Series of simulations carried out to identify
the assimilative capacity of Loch Creran for nitrogen in 2003.
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7.3.2. Assimilative capacity for phosphorus
Version 1975:
The simulation was carried out for phosphorus concentrations ranging
between 0 and 0.1 M, with a size step of 0.02 M. The output shows that
the chlorophyll concentration reaches 10 mg.m'3 with a phosphorus
concentration of 0.08 M. The 1975 assimilative capacity of Loch Creran
for phosphorus is therefore estimated at 0.08 M.
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Figure 7.3. Series of simulations carried out to identify
the assimilative capacity of Loch Creran for phosphorus in 1975.
Version 2003a:
The simulation was carried out for phosphorus concentrations ranging
between 0 and 0.2 M with a size step of 0.02 M. The output shows that
the chlorophyll concentration reaches 10 mg.m'3 with a phosphorus
concentration of 0.12 M. The 2003 assimilative capacity of Loch Creran
for phosphorus is therefore estimated at 0.12 M.
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the assimilative capacity of Loch Creran for phosphorus in 2003.
7.3.3. Contributions from the salmon farm
ln terms of assimilative capacityg
Now that an estimation of the assimilative capacity of Loch Creran is
available, the contribution of the sh farm can be estimated. Feed data
were provided by Scottish Sea Farms (Davis, personal communication)
and the amount of waste from it was calculated following the method of
Nickell et al. (2003). From there, the daily amount of nutrient input in the
water (averaged over a one year period) could be calculated and the
results are presented in Table 7.1. below.
Table 7.1. Daily nutrient inputs from the sh farm (averaged over a year).
FF inputs (M.d") Soluble waste Particulate waste Total
Nitrogen 0.09 0.04 0.13
Phosphorus 0.004 0.008 0.012
lt is considered that the particulate waste will quickly drop to the sea bed
and that only the soluble waste will contribute to the increase in nutrients
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in the uppe' box. The total daily inputs from the sh farm to the "upper"
box are therefore 0.09 M.d`1 of nitrogen and 0.004 M.d`1 of phosphorus.
ln 1975, the sh farm inputs would have contributed 12% and 5% of Loch
Creran's assimilative capacity for nitrogen and phosphorus, respectively.
ln 2003, they only appear to contribute 7.5% and 3.3% of the assimilative
capacity for nitrogen and phosphorus, respectively.
In terms of carrying capacitÃ
The calculation of the contribution of the sh farm to the current
assimilative capacity of Loch Creran permits the estimation of the carrying
capacity of the Loch for cages salmon. ln this study, the carrying capacity
of the Loch for caged salmon is dened as the biomass of caged salmon
(in tonnes) which could be held on site without the chlorophyllâº
concentration in the uppe" box exceeding 10 mg.m'3.
Scottish Sea Farms currently hold a biomass of 1,500 tonnes in Loch
Creran. This suggests that the theoretical carrying capacity of Loch Creran
for caged salmon would be 20,000 tonnes. This figure is probably
unrealistic as there are many issues associated with aquaculture at such a
large scale, including other forms of pollution. This is further discussed in
section 7. 4.
7.4. Discussion
Weaknesses of the method
This first attempt at estimating the assimilative capacity of Loch Creran
using the AC model is obviously very simplistic. It focused on nutrient
inputs from the "upper" box of the model and ignored all other parameters,
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as well as the "lower" box which could be an important contributor to
nutrient levels. lncluding particulate organic matter as well as dissolved
inorganic nutrients into to estimation method would possibly improve the
output by taking into account all forms of nitrogen and phosphorus
described by the model. Similarly, the inclusion of data from the lower box
would allow the method to take into account re-suspension and possibly
provide a more accurate output. This could be addressed by developing
further the AC model and integrating more control over the estimation of
the assimilative capacity. Some models, such as DEPOMOD (Cromey et
al., 2002), have already been developed to simulate the deposition and
impact of organic waste decay beneath sh farm cages and could be
coupled to pelagic models such as the AC model.
Another interesting aspect would be to look at the worst case scenario for
nutrient enrichment and therefore use the maximum chlorophyll
concentration parameter as an output. This would lead to an
underestimation of the assimilative capacity and would therefore be safer
for management purposes. The CSTI' model described by Tett et al.
(2003) focused on such a 'worst case scenario'.
The threshold chlorophyll concentration value of 10 mg.m`3 was chosen
because it had been proposed by the CSTI' (1997). lt was used in this
chapter to illustrate the argument and to show how the method proposed
here for the assessment of the assimilative capacity would be applied to
Loch Creran; it should however not be considered as a denite threshold
number for management purposes. Moreover, each system will respond
differently to increased nutrient concentrations, and for greater accuracy, a
threshold value should be estimated for each site individually. This could
be done through the use of historical data, like in the case of Loch Creran,
or it could be estimated using micro- and/or mesocosm experiments.
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Another weakness of this method is that the estimations of assimilative
capacities are daily values averaged over a year. In reality, natural nutrient
concentrations are cyclic and are closely linked to phytoplankton growth
and chlorophyll concentration, and anthropogenic inputs are not always
regular events. This can lead to unexpected chlorophyll peaks which
couldn't be identied using the method presented in this chapter.
The physical and chemical-biological models developed by Tett et al.
(2007) have addressed most of the AC model's shortfalls by improving the
parameterization of water exchange and internal mixing (ACExR model),
allowing coupling to seasonally changing nutrients and organic inputs to
zone B scale water bodies from rivers, sh fams and the sea (sECE
model), developing a dynamic version of the CSTI' model, which is an
improved version of the AC model described in Chapter 5 and in Laurent
et al. (2006) (dCS`l`l` model) and combining both chemical-biological
models (L-ESV model) by adding water and ecological quality variables.
Advantages of the method
Despite the many shortfalls highlighted in the previous section, the
advantages of the method presented in this chapter are not negligible.
The first advantage is that the AC model is simple to understand and easy
to use. By keeping the number of state variables and parameters to a
minimum, the model allows the user to fully comprehend the processes
described and any change that may be required is easily made. This
makes it an ideal management tool for routine assessments.
Because the AC model works with a limited number of parameters,
another advantage of the method is that only a limited number of water
properties need to be sampled. Moreover, the water properties described
in the model are easy to sample and are routinely monitored at a number
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of sites already. The amount of data needed for the AC model to run
smoothly is fairly low too, making the procedure easier, cheaper, less
disturbing and less time consuming for environmental managers and
stakeholders alike.
Finally, the AC model can produce an assimilative capacity output as a
single numerical value. The subsequent data processing is therefore
greatly simplied and the contributions of various Loch users can be easily
assessed and managed. lt is therefore felt that although both the AC
model and the method for the assessment of the assimilative capacity
need to be improved, any further work should attempt to keep all
procedures as simple and user-friendly as possible.
7.5. Conclusion
Both the 1975 version and the 2003a version of the AC model were used
to estimate the assimilative capacity of Loch Creran for nitrogen and
phosphorus. The results showed that the assimilative capacity of the Loch
was higher in the 2000s than in the 1970s. This could be explained by the
presence of several bivalve farms in the Loch in the 2000s. The
contribution of the sh farm to the assimilative capacity was estimated to
be 7.5% for nitrogen and 3.3% for phosphorus.
The method for the estimation of the assimilative capacity presented in this
chapter has the advantage of being easy to understand and use; it is
however simplistic and has many shortfalls. The results are therefore likely
to be unrealistic and a more robust method should be designed in order to
be able to apply the notion of assimilative capacity to coastal zone
management. lt is likely that an integrated method using both modelling
and laboratory work and/or observations will give the best results when it
comes to predicting the assimilative capacity of a system.
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CHAPTER 8
CONCLUSIONS
This chapter summarises the work carried out, presents the general
conclusions that can be drawn from this study and suggests further work.
8.1. Summary
The general increase in potentially polluting activities associated with the
growth of human population has led to more and more pressure on the
natural environment. Coastal waters are affected directly because they are
often close to large human settlements and also indirectly because they
are the sink of land and freshwater inputs. In Scotland, one of the main
threats to coastal waters is aquaculture. Most famws are situated in ords
(sea-Iochs") on the north and west coasts of the country. These ords
offer sheltered conditions and a pattern of water circulation which seems
ideal for aquaculture. They are however semi-enclosed environments with
limited exchange with the nearby sea and can therefore be vulnerable to
environmental changes.
The legislation currently in place at international, European and national
levels requires coastal water quality to be maintained or improved but
offers little advice on how to achieve this goal. Over the years, a number of
scientic studies in a variety of elds have been carried out in order to try
and identify best management practices for coastal waters. The main
outcome is that there is a need for an ecosystem approach to coastal zone
management. One way of working at ecosystem scale would be to
determine the assimilative capacity of the water body considered. Used
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with appropriate management tools, it would allow governing bodies to
regulate the use of specic coastal areas. This thesis proposed to combine
several tools in order to gain a better understanding of semi-enclosed
coastal systems and to estimate the assimilative capacity of a shallow
Scottish sea loch: Loch Creran.
Loch Creran was chosen as a study site for three main reasons. Firstly,
according to Landless and Edwards (1976), Loch Creran is close to the
unrealised typical Scottish sea loch in dimensions and general
hydrography; secondly, because it now contains a salmon farm of a size
that is substantial in relation to its volume and thirdly, because there is a
good body of historic data describing the hydrography and biology of the
loch during the 1970s, before the installation of the fish farm. The loch also
contains, nowadays, a number of shellsh farms. Prior to about 1990, it
also received the waste from a kelp processing plant.
A sampling campaign was carried out 2003-2004 in order to collect time
series of chlorophyll, dissolved inorganic nutrients and particulate organic
matter concentrations; temperature, salinity, density and turbidity proles
and microplankton and mesozooplankton diversity, abundance and
biomass. Similar time series from the 1970s were gathered from the
literature and analysed in order to highlight any changes which might have
occurred in the loch over the past three decades.
A simple tvvo-dimensional, three-box dynamic model of Loch Creran was
also designed to predict chlorophyll and nutrient concentrations in the loch
under various environmental conditions. lt has only three state variables
(chlorophyll, nitrogen and phosphorus concentrations) and two crucial
parameters (the exchange rate and the yield of chlorophyll from nutrients)
as well as an optical-photosynthetic sub-model. The model was tested
against observations for the years 1975 and 2003 and showed an overall
good t. The model was then run under different scenarios in order to
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estimate the assimilative capacity of Loch Creran for nitrogen and
phosphorus and its carrying capacity for farmed salmon.
8.2. Conclusions
The results of this study suggest that there have been signicant changes
in some of the physical, chemical and biological properties of the water.
Changes were obsened in temperature, chlorophyll, particulate organic
matter and the abundance of some microplankton taxa. Nutrient and
chlorophyll concentrations however appear to be unchanged despite the
introduction of a large sh farm. The changes observed are likely to have a
combination of origins, amongst which are: the cessation of the kelp
processing plant's activities; the introduction of the sh farm and several
bivalve farms; increased land use and some change in weather patterns.
The methodology used to treat the data might also have had an impact on
the results. ln particular, differences in sampling regimes, methods of
sampling and analysis and the use of mathematical software for data
processing might explain some discrepancies between the two decades.
These are however unlikely to be the sole origin of the changes obsened.
The lack of changes observed in dissolved inorganic nutrient
concentrations could also have a diversity of origins, from a modication in
the circulation patterns and ushing rates of the Loch to the sequestration
of nutrients in the sediments. Another hypothesis is that the potential
changes in anthropogenic nutrient inputs are negligible compared to the
background nutrient concentration of Loch Creran.
The mathematical model designed for the prediction of chlorophyll and
nutrient concentrations in Loch Creran appeared reliable and the
agreement between the AC model and the obsenations was generally
good, except for chlorophyll in the versions 2003a and 2003b. The
addition of turbidity data as time series into the model appeared to improve
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the agreement for the 2003a and 2003b versions but made the 1975
predictions worse. Changing the chlorophyll yield and exchange rate
values have also been identied as possible ways to improve the overall fit
of all versions. A comparison between 1975 and 2003 using simulated
nutrient budgets showed that during autumn and winter, the main source
of nitrogen was the sea. This was also true for spring and summer in 1975
but in 2003, the sh farm was responsible for most of the nitrogen input at
this period.
Both the 1975 version and the 2003a version of the AC model were used
to estimate the assimilative capacity of Loch Creran for nitrogen and
phosphorus. The results showed that the assimilative capacity of the Loch
was higher in the 2000s than in the 1970s. This could be explained by the
presence of several bivalve farms in the Loch in the 2000s. The
contribution of the sh farm to the assimilative capacity was estimated to
be 7.5% for nitrogen and 3.3% for phosphorus. The method for the
estimation of the assimilative capacity presented in this chapter has the
advantage of being easy to understand and use; it is however simplistic
and has many shortfalls and the results are therefore speculative.
8.3. Further work
Further work on the changes observed in Loch Creran could include
looking at a longitudinal transect of the loch in order to determine whether
station location is important. This would also help in determining whether
the presence of the sh farm leads to localised changes. Samples were
collected from ve stations during this study, but this aspect could not be
dealt with due to time constraints. The integration on benthic data to the
study would also give a better insight into the processes taking place
within Loch Creran. The potential impacts of bivalve grazing, alginate
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extraction plant efuent and changes in local or global weather patterns on
water properties should also be investigated in more details.
Further modelling work on the subject of assimilative capacity should
integrate the water body as a whole for more accurate estimations. The
use of worst-case scenarios would be interesting from a management
point of view as they underestimate the assimilative capacity and therefore
provide a "safety net for extreme events. New AC models should be
designed as management tools with the possibility of adding various
"users" to the system and vary their inputs. The addition of some extra
parameters, in particular grazing, should be considered.
The work presented on assimilative capacity in this study was a rst trial,
and further work should be carried out on this subject. The rst step should
include the selection of suitable, representative and easy to test indicators
of environmental health. Then, the threshold for undesirable disturbancesâ
should be dened and quantied in order to set Ecological Quality
Objectives" (EQOs) for the system considered. Finally, an improved AC
model should be run, looking at a number of different scenarios in order to
determine the conditions under which the system considered would go
beyond the set EQOs.
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APPENDIX 3.1.
Protocol le 4
Chlorophyll
Determination of Chlorophyll
-Acetone Extraction-
Outline of the method:
The plant pigments of algae consist of chlorophylls and carotenoids. The
three major chlorophylls (a, b and c) absorb light maximally at different
wavelengths when dissolved in organic solvents. However, chlorophyll a
occurs in great abundance and its concentration alone is often used to
estimate algal biomass. Chlorophylls degrade to phaeophytins which are
structurally similar but have lost the magnesium from the ring structure.
Phaeophytins absorb light at the same wavelengths as chlorophylls but
less strongly. Since both chlorophyll and phaeophytins pigments occur in
variable amounts depending on environmental conditions, concentrations
of both must be estimated for each sample. The total amount of pigments
(chlorophyll plus phaeophytins) is determined by uorometry, in alkaline
acetone.
Material needed:
- Sampling bottle
- Thermos bottles / plastic jars (6 per station)
- Filtration unit
- 47 or 25 mm GF/F glass lters (6 per station)
- Centrifuge tubes (6 per station)
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Aluminium foil
90% acetone (60 mL per station)
Magnesium carbonate (buffer)
Centrifuge
Fluorometer
Fluorometer cells
Distilled water
Sample preparation and extraction:
Filter a water sample through a 47 or 25 mm glass bre lter (GF/F)
with the pressure differential inferior to 0.5 atm to minimise damage
to delicate organisms
The amount of sample required will vary accordingly to the productivity of
the ecosystem.
Note the volume of water which passes through the lter (aim for a
litter but add in small aliquots)
Filtration should be done as rapidly as possible, avoiding exposure to
bright light or high temperature.
Remove the lter while moist and place in a centrifuge tube.
(lf storage is required, fold the lter in half with the inner surfaces
touching, place in a labelled Petri dish and freeze immediately.)
Extraction is carried out in 90% acetone containing magnesium
carbonate as buffer. If the water content of the filter is known, add 9
times this volume of 100% acetone, then make the volume up to 10
mL with 90%
Stopper and place in the fridge in the dark for up to 24 hrs
Centrifuge at maximum speed in a refrigerated (5-10°C) clinical
centrifuge (3000 to 4000 rpm, ca. 100 g) for 5 min. Also centrifuge
some 90% acetone for use as blanks when zeroing the
spectrophotometer cells before reading the extracts.
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Analytical procedure:
Fill a sample tube with 90% acetone, clean it and place it into the
fluorometer. The reading given must then be subtracted from the
sample readings.
- Rinse and carefully pipette the clear sample supernatant into the
sample tube so as not to disturb the sedimented residues.
- Clean the tube and note the reading.
If the fluorometer has been precalibrated then it will directly read
chlorophyll units, e.g. ng. mL`1 (same as g. L"), but remember that this is
the concentration in the extract. To calculate the concentration in the water
sample, the extract volume (v) in mL and the volume of water ltered () in
mL must be taken into account:
ch a (g. L4) = (reading X v) /(v)
zss
APPENDIX 3.1.1.
Calibration of UMBS Turner TD-700 Fluorometer
The calibration procedure and parameter values were taken from Tett
(1987). The "90% acetone" was made from 9 parts analar acetone and 1
part distilled water, measured separately, and was stored over a little
NaHCO3. 'Acid' was 8% (1 N) HCI.
Chlorophyll standard:
Sigma C-5753 chlorophyll a (from spinach), lot 072K7001, nominally 1 mg,
was added to 500 ml 90% acetone on 19th March, and kept in a darkened
glass vessel at 4°C. The standard was determined on 20th March using an
SP8-400 spectrophotometer with 1 nm bandwith. Its optical density was
measured in a 1 cm pathlength cuvette against a 90% acetone blank, at,
approximately, room temperature. After addition of 1 drop of acid to
cuvettes containing standard and blank, optical densities were measured
again.
Wave
Lengt Standard Blank
h
Corrected stâfågrd Corrected Notes
750 -0.002 -0.001 -0.001 -0.004 -0.001 -0.003
665 0.199 -0.007 0.206 0.111 -0.008 0.119
663 0.206 -0.007 0.213 0.108 -0.008 0.116 Red peak bl acid
480 -0.007 -0.012 0.005 -0.005 -0.012 0.007
430 0.236 -0.01 0.246 0.04 -0.01 0.05 Blue peak bl acid
415
Red acid ratio 1.84
Redlblue ratio 1.15
0.178 -0.01 0.188 0.236 -0.009 0.245
Jereya. Humphrey (1915) specific a1.s7 L.g".<ºm"
extinction
Standard concentration 2.441 g.ML`1
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Fluorometer calibration:
The fluorometer had previously been calibrated by J. Fehling (UHI) with a
chlorophyll a solution and the 'before-acid' fo value was ng chl mL-1
according to this calibration. The 'after-acid' fa values are in ng chl-
equivalent mL-1. The standard was diluted as shown below, and
measured in the fluorometer before and after acidication, always using
the same cuvette and cuvette orientation. The results given below are
based on 3 or 4 replicates of the same dilution. The corrected mean is the
observed mean elss the acetone blank. Dilution was carried out by (i)
pouring a little standard into a beaker (ii) quickly pipetting 5 mL once or
tvvice in a 5m| pipette with saftey bulb, into a clean 50 mL volumetric ask,
(iii) making up to 50 ml with 90% acetone.
The uorometer is equipped with a 'solid-state standard', and this was
read at intervals. Calibration was carried out at room temperature, in the
range 20-25°C.
_ _ Conc. Ratio Std StdD"""°"
(g.v_") f° ff* (-,) _ow ~c;-Ä±
Acetone
bank 0-2
0.1 0.244 Mean 243.0 115.7
SD 0.6 1.1
Corr.
mean 242.8 115.5 2.10
SS 0
standard 15.2 135.3
Acetone
blank 02
0.2 0.488 Mean 458.3 240.3
SD 1.5 2.4
Corr.
mean 458.1 240.1 1.91
SS
standard 15.0 135.3
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Discussion:
The corrected pre-acidication fluorescence of 243 ng mL-1, according to
JF's calibration, corresponds well to the computed concentration of 0.244
g mL-1. However, there is some evidence of non-linearity, in that the
higher concentration resulted in a lower uorescence than expected. This
effect needs further attention.
ln order to make a general calibration it is necessary to reference the
measurements made on chlorophyll solutions to those made on the
standards. This gives:
Diuion FC = F., (sm x com.) = = F, (sm x com.)
0.1 0.244 7.35 3.50
0.2 0.488 6.94 3.64
Tett (1987) gives equations for calculating 2 calibration factors:
Hf= Fc/Fp and Kf=1/(Fc (1 - (1 /Hf)))
Using the data from the 0.1 dilution only, gives:
Hf = 2.10
And
Kf = 0.259 g chl-eq mL" (standardized fluorometer unit)'1
And these factors can be used in equations to calculate pigment
concentrations:
[cm] = Kfx (f 'O _ fg) (E/ v) g ch L*
[pheo] = Kf (Hf f'a _ f 'a) (E/ v) g ch-eq. _:*
258
where:
f ' = (f- blank) / std HIGH
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APPENDIX 3.2.
Protocol File 2
Dissolved lnorganic Nutrients
Determination of
Dissolved lnorganic Nutrients
Outline of the method:
Dissolved available inorganic nutrients are determined by autoanalysis.
The following nutrients will be analysed: phosphate, nitrite, nitrate,
ammonium and silicate.
Material needed:
- Water bottle
- Plastic jars (6 per station)
- Filtering unit
- 47 mm GF/F glass lter (6 per station)
- Sterile polyprene test tubes with snap-on lids (6 per station)
- autoanalyser
Sampling grocedure:
- Filter part of a water sample through a 47 mm GF/F glass filter, in
order to rinse the glass wear, and dispose of the water
- Filter the rest of the water sample
- Note the volume of water which passes through the lter
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- Pour the ltered water into a sterile polyprene test tube with snap-
on lid
- (Freeze the sample if necessary)
Analytical procedure:
- Utilisation of DML autoanalyser
Calibration curves:
For each analyte, calibration curves must be produced, in order to be able
to calculate the concentration of the analyte in the water sample.
- Make a stock solution of mixed standards of nitrate, ammonium,
phosphate and silicate prior to each sample run.
The concentration of nutrients in the stock solution must be altered
depending on the concentration of each nutrient expected to be in the
sample, in order to maximise sensitivity at the lower end of the calibration
curve.
- The autoanalyser produces a calibration curve at the beginning of
each run by sampling from the mixed standard solution and doing a
series of dilutions of it
- Every 10 samples, analyse an internal standard to check that the
calibration curve is still accurate
The brackish integration:
After each run, a brackish integration must be carried out. lt is used to
determine the best part of each curve to use in order to measure and
compare the sample and standard concentrations. The timing of this
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concentration is crucial as it is important that any comparison between
samples and standards does not contain any of the carrier.
- At the end of each run, put two samples of low ammonium sea
water (LASV\I) through the Lachat
- The curves produced are used to set the brackish integration. The
flat part of the cune is the best place to obtain a sample as other
parts of the curve also contain the carrier
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APPENDIX 3.3.
Protocol le 3
Particulate Carbon and Nitrogen
Determination of
Particulate Carbon and Nitrogen
Outline of the method:
Particulate organic matter is determined by autoanalysis. Particulate
carbon and particulate nitrogen will be analysed.
Material needed:
- Water bottle
- Plastic jars (6 per station)
- 25 mm GF/F precombusted glass lter (6 per station)
- ltration unit
- forceps
- 10 ml micro-weils (1 per station)
- drying cabinet
- tin foil
- autosampler
Samgling grocedure:
- Precombust lter papers in a oven at 500°C for 2 hours
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- Filter the water sample through the 25 mm GF/F precombusted
glass lter. Do not contaminate the lter by touching it with bare
hands.
- Note the volume of water which passes through the filter
- Remove the filter paper from the ltering unit using forceps, and
place it face up into a sterile 10 mL micro-well
- (Freeze the sample if necessary)
Analical procedure:
Put the samples into a drying cabinet 1 hour before analysis in
order to remove any excess water
- Using clean forceps, fold the lter paper tvvice and place it onto a tin
foil square which will be folded around it
- Using forceps, form the sample into a small, tightly packed ball and
place it into the autosampler
Calibration curves:
Calibrations curves have to be produced for each analytical run, using
acetanilide as a standard. Acetanilide is composed of 10.376% nitrogen
and 71 .655% carbon.
- Use 7 standards, ranging from 0.1 to 2 mg acetanilide, ensuring
that all sample concentrations analysed fall within the limits of the
calibration curves.
- Using microscales, weigh standards precisely and adjust for the
weight of the tin foil square container by taring
- Put empty tin foil squares through the analyser so that standard
areas can be corrected for any carbon and nitrogen particles
contained in the tin foil squares:
Corrected areas = standard areas - tin foil areas
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The concentration of phosphorus and nitrogen contained in each
standard was then determined as follows:
Carbon (mg) = acetanilide (mg) x 0.716553
Nitrogen (mg) = acetanilide (mg) x 0.10376
Calibration curves are produced using least-squares regression (LSR)
analysis.
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lAPPENDIX 3.4.
Protocol le 5
Phytoplankton
Phytoplankton
Outline of the method:
Microplankton has to be enumerated and identied in order to give a good
account of the biological characteristics of the water sample.
Material needed:
- Water bottle
- 30 mL universal bottles + lids (6 per site)
- Lugol (2.4 mL per site)
- Sediment chamber
- Pipette
- Microscope
Sampling procedure:
- Sample with a water bottle
- Pour approximately 10 drops (0.4 mL) of lugol into a 30 mL
universal bottle and ll the rest of the bottle with water sample
- Close the lid partially to allow the sample to reach room
temperature, and then tighten the lid fully
- Keep the bottle in the dark in a cool place
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Analical procedure:
- lnvert the bottle several times in order to make the content
homogenous
- Pour 10 mL of water sample into a sediment chamber
- Leave the sample in the sediment chamber overnight, in the dark
- Enumerate and identify the sample, thanks to a(n) (inverted)
mlcroscope
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APPENDIX 3.5.
Protocol le 6
Zooplankton
Zooplankton
Outline of the method:
Zooplankton has to be enumerated and identied in order to give a good
account of the biological characteristics of the water sample.
Material needed:
- Water bottle
- 30mL universal bottle (6 per site)
- Fomaldehide
- Pipette
- Petri dish
- Microscope
Sampling procedure:
- Sample with a water bottle
- Add 10 ml formaldehide
- Close the lid partially to allow the sample to reach room
temperature, and then tighten the lid fully
- Keep the bottle in a cool place
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Analical procedure:
- Divide the sample into different white plastic trays, in order to
faciiitate the sorting
- Sort each sub-sample into Petri dishes, grouping organisms looking
morphologically identical
- Enumerate and identify the sample thanks to a microscope
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Appendix 5.1.
Time series used to force the 1975 AC model
Day flow lllumination Water attenuaton
<±sL'º i i º 3 ' º < 'âº
Chlorophyll Nitrogen Phosphorus River solar
OJ`IO3U'I~ß00|\J-I
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
0.06
0.06
0.06
0.06
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.06
0.06
0.06
0.06
0.07
0.07
0.07
0.08
0.08
0.08
0.09
0.1
0.1
0.11
0.11
0.12
0.13
0.13
6.12
6.17
6.21
6.26
6.3
6.35
6.39
6.44
6.48
6.53
6.58
6.62
6.67
6.71
6.76
6.8
6.85
6.89
6.93
6.97
7
7.04
7.08
7.11
7.15
7.18
7.22
7.26
7.29
7.33
7.36
7.4
7.44
7.47
7.51
7.54
7.58
7.61
7.65
7.69
7.72
7.76
0.63
0.62
0.62
0.62
0.61
0.61
0.6
0.6
0.59
0.59
0.58
0.58
0.57
0.57
0.56
0.56
0.56
0.55
0.55
0.54
0.54
0.54
0.53
0.53
0.53
0.52
0.52
0.51
0.51
0.52
0.52
0.52
0.52
0.53
0.53
0.53
0.54
0.54
0.54
0.55
0.55
0.56
8.06
13.05
18.04
23.03
23.82
24.42
25.03
26.61
28.27
29.94
33.23
36.74
40.25
39.72
38.37
37.02
32.17
26.41
20.64
22.3
26.43
30.56
32.18
32.76
33.35
32.41
30.71
29.01
29.52
31.36
33.2
29.86
22.81
15.76
10.8
7.61
4.42
2.46
1.71
0.96
0.61
0.75
M.m"') M.m`°' (m .s` ) (W.hr.m2
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237.21
227.05
125.84
311.93
271.59
226.74
121.05
105.31
441.49
229.22
440.25
300.96
238.14
272.54
316.19
360.07
990.31
319.39
446.05
454.05
342.79
372.65
648.6
717.45
414.53
716.14
441.89
916.58
747.19
831.79
506.08
1,321.64
404.27
889.92
1,544.00
1,63765
1,75063
1,144.84
1,232.87
1,057.00
1,097.80
0.4
0.41
0.41
0.42
0.42
0.43
0.44
0.44
0.45
0.45
0.46
0.47
0.47
0.48
0.48
0.49
0.5
0.5
0.51
0.51
0.52
0.53
0.53
0.54
0.54
0.55
0.56
0.56
0.57
0.57
0.58
0.59
0.59
0.6
0.61
0.62
0.63
0.64
0.65
0.65
0.66
0.67
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0.14
0.15
0.15
0.15
0.15
0.15
0.16
0.16
0.18
0.19
0.21
0.24
0.27
0.3
0.34
0.38
0.43
0.49
0.56
0.63
0.75
0.86
0.98
1.15
1.32
1.5
1.74
1.97
2.19
2.05
1.9
1.76
2.93
4.11
5.28
5.4
5.47
5.54
7.41
9.44
11.48
8.38
4.55
0.72
1.21
2.56
3.91
3.68
3.03
2.38
2.11
1.95
7.79
7.83
7.87
7.9
7.94
7.97
8.01
7.93
7.81
7.68
7.5
7.3
7.1
6.9
6.69
6.49
6.39
6.33
6.27
6.4
6.63
6.86
6.96
6.99
7.03
6.82
6.47
6.11
5.93
5.86
5.79
5.49
5.04
4.59
4.17
3.75
3.33
2.83
2.27
1.7
1.29
1
0.71
0.69
0.91
1.14
1.36
1.58
1.81
1.86
1.76
1.65
0.56
0.56
0.57
0.57
0.57
0.58
0.58
0.58
0.58
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.6
0.6
0.6
0.61
0.62
0.63
0.63
0.62
0.61
0.57
0.52
0.47
0.47
0.51
0.55
0.54
0.52
0.49
0.46
0.44
0.41
0.37
0.33
0.29
0.26
0.23
0.21
0.2
0.21
0.22
0.23
0.24
0.25
0.25
0.25
0.24
0.89
0.84
0.52
0.2
1.61
5.91
10.21
12.87
12.23
11.59
10.44
8.04
5.65
3.58
2.49
1.41
0.66
1.18
1.7
2.45
4.38
6.31
8.51
12.57
16.64
20.03
16.11
12.19
8.32
5.79
3.26
0.73
0.65
0.57
0.48
0.48
0.48
0.48
0.48
0.48
0.48
0.48
0.47
0.47
0.46
0.46
0.45
0.44
0.44
0.43
0.43
0.42
608.67
347.27
816.13
783.18
817.07
1,227.38
1,174.10
1,962.15
886.55
575.56
765.24
1,752.24
1,062.8O
2,057.33
2,549.53
2,445.89
2,630.64
1,398.38
649.96
836.68
1,612.07
963.87
1,719.14
2,107.33
2,388.20
2,231.99
3,369.75
3,644.24
3,531.85
3,516.28
2,729.10
3,592.60
2,945.73
1,632.66
1,641.21
2,146.24
3,916.95
1,402.79
3,255.19
2,847.99
2,691.68
2,876.43
4,302.52
4,455.41
3,669.71
3,062.80
3,855.48
4,468.13
2,130.90
3,555.53
4,178.07
3,601.71
0.68
0.69
0.7
0.71
0.72
0.73
0.74
0.75
0.76
0.77
0.78
0.79
0.79
0.8
0.81
0.82
0.83
0.84
0.85
0.86
0.87
0.88
0.89
0.9
0.91
0.9
0.89
0.88
0.87
0.86
0.85
0.84
0.83
0.82
0.81
0.8
0.79
0.78
0.77
0.76
0.75
0.73
0.72
0.71
0.7
0.69
0.68
0.67
0.66
0.65
0.64
0.63
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95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
1.79
1.73
1.71
1.68
1.71
1.77
1.83
1.92
2.03
2.14
2.26
2.4
2.53
2.65
2.77
2.89
3.01
3.15
3.28
3.42
3.57
3.73
3.89
4.06
4.23
4.41
4.61
4.81
5.01
5.24
5.46
5.69
5.95
6.2
6.28
5.82
5.36
4.92
4.56
4.2
3.85
3.57
3.29
3.02
2.8
2.58
2.36
2.19
2.02
1.85
1.72
1.58
1.46
1.19
0.92
0.72
0.61
0.49
0.41
0.37
0.33
0.29
0.25
0.21
0.19
0.22
0.24
0.26
0.29
0.31
0.33
0.36
0.38
0.4
0.43
0.45
0.48
0.5
0.52
0.55
0.57
0.59
0.62
0.64
0.66
0.7
0.76
0.82
0.88
0.95
1.01
1.07
1.13
1.19
1.26
1.32
1.38
1.44
1.5
1.57
1.63
1.69
1.75
1.77
0.24
0.23
0.22
0.22
0.24
0.25
0.27
0.29
0.32
0.34
0.36
0.39
0.4
0.4
0.39
0.39
0.39
0.39
0.39
0.38
0.38
0.38
0.38
0.37
0.37
0.37
0.37
0.36
0.36
0.36
0.36
0.35
0.35
0.35
0.35
0.35
0.35
0.35
0.35
0.35
0.35
0.35
0.34
0.34
0.34
0.34
0.34
0.34
0.34
0.34
0.34
0.34
0.41
0.41
0.4
0.4
0.4
0.4
0.4
0.4
0.41
0.42
0.42
0.43
0.43
0.43
0.44
0.45
0.45
0.46
0.47
0.47
0.47
0.46
0.46
0.46
0.47
0.83
1.79
2.74
3.06
2.11
1.16
0.49
0.47
0.46
0.45
0.47
0.49
0.54
0.71
0.88
1
0.81
0.62
0.46
0.45
0.43
0.42
0.4
0.39
0.37
0.35
0.33
4,741.82
3,939.77
3,989.78
4,909.06
5,407.69
2,694.99
1,677.23
3,680.10
1,982.33
1,513.96
2,959.23
2,739.55
4,134.98
4,689.99
2,553.36
2,909.20
2,007.79
4,634.46
4,374.96
2,94259
1,987.96
2,350.48
3,459.03
2,663.62
3,150.43
3,840.43
4,130.00
4,518.13
5,889.32
4,885.92
4,745.72
5,337.66
6,675.02
6,835.39
3,849.63
1,909.47
5,223.78
3,502.08
3,053.79
5,443.45
7,054.68
7,939.21
8,077.79
7,263.03
5,927.28
6,645.17
8,020.64
8,010.82
8,112.97
8,477.36
8,077.53
7,974.79
0.62
0.61
0.6
0.59
0.58
0.57
0.56
0.55
0.55
0.54
0.53
0.53
0.52
0.52
0.51
0.5
0.5
0.49
0.48
0.48
0.47
0.47
0.46
0.45
0.45
0.44
0.44
0.43
0.42
0.42
0.41
0.41
0.4
0.39
0.39
0.38
0.38
0.37
0.36
0.36
0.36
0.36
0.37
0.37
0.37
0.37
0.38
0.38
0.38
0.38
0.38
0.39
279
1.45
1.51
1.57
1.62
1.69
1.76
1.82
1.89
1.97
2.04
2.05
2.06
2.06
2.03
2
1.96
1.93
1.9
1.87
1.84
1.81
1.78
1.75
1.72
1.69
1.66
1.64
1.61
1.58
1.56
1.53
1.51
1.48
1.46
1.43
1.41
1.39
1.36
1.34
1.32
1.3
1.28
1.26
1.23
1.21
1.19
1.17
1.15
1.14
1.12
1.1
1.08
1.63
1.48
1.34
1.19
1.05
0.9
0.76
0.62
0.49
0.44
0.39
0.35
0.35
0.34
0.34
0.34
0.34
0.34
0.34
0.33
0.33
0.33
0.33
0.33
0.33
0.32
0.32
0.32
0.32
0.32
0.32
0.31
0.31
0.31
0.31
0.31
0.31
0.3
0.3
0.3
0.3
0.3
0.3
0.29
0.29
0.29
0.29
0.29
0.29
0.28
0.28
0.28
0.33
0.32
0.31
0.3
0.29
0.28
0.28
0.27
0.26
0.26
0.25
0.25
0.25
0.25
0.26
0.26
0.26
0.26
0.26
0.26
0.26
0.26
0.27
0.27
0.27
0.27
0.27
0.27
0.27
0.27
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.29
0.29
0.29
0.29
0.29
0.29
0.29
0.29
0.29
0.3
0.3
0.3
0.3
0.31
0.29
0.28
0.26
0.25
0.23
0.22
0.22
0.21
0.21
0.21
0.22
0.22
0.21
0.19
0.17
0.16
0.15
0.13
0.13
0.13
0.13
0.14
0.15
0.17
0.17
0.18
0.18
0.17
0.16
0.15
0.13
0.12
0.11
0.09
0.07
0.06
0.04
0.03
0.02
0.01
0.01
0
0
0
0.01
0.01
0.02
0.03
0.04
0.06
0.08
8,146.00
7,937.64
7,291.55
6,229.48
5,880.97
4,677.79
3,727.74
6,289.59
7,686.64
4,133.71
4,934.22
5,842.01
6,571.24
8,020.36
7,773.00
6,074.05
5,829.90
3,951.28
3,595.28
4,901.71
6,067.06
5,785.19
3,456.19
2,689.68
4,512.14
6,446.95
7,147.78
4,597.35
5,653.33
6,322.79
5,414.06
6,816.26
7,157.85
7,813.74
6,661.42
5,061.53
6,333.29
5,366.95
3,868.36
6,452.27
8,242.33
8,309.70
8,175.70
5,402.36
3,257.47
3,071.18
2,826.18
2,780.90
2,143.70
2,112.70
2,478.52
4,632.52
0.39
0.39
0.39
0.39
0.4
0.4
0.4
0.4
0.4
0.41
0.41
0.41
0.41
0.42
0.42
0.42
0.42
0.42
0.43
0.43
0.43
0.42
0.41
0.41
0.4
0.39
0.39
0.38
0.37
0.36
0.36
0.35
0.34
0.34
0.33
0.32
0.31
0.31
0.3
0.29
0.28
0.28
0.27
0.26
0.26
0.25
0.24
0.23
0.23
0.22
0.21
0.21
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199
200
201
202
203
204
205
206
207
208
209
210
21 1
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
1.08
1.11
1.15
1.19
1.27
1.34
1.41
1.5
1.58
1.67
1.77
1.87
1.97
2.09
2.21
2.33
2.47
2.62
2.76
2.95
3.14
3.32
3.27
3.21
3.15
3.09
3.04
2.98
2.93
2.87
2.82
2.77
2.72
2.67
2.62
2.58
2.53
2.48
2.44
2.4
2.35
2.31
2.27
2.23
2.19
2.15
2.11
2.07
2.03
2
1.96
1.92
0.28
0.28
0.28
0.28
0.28
0.27
0.27
0.27
0.27
0.27
0.27
0.27
0.27
0.27
0.27
0.27
0.26
0.26
0.26
0.26
0.27
0.28
0.29
0.31
0.32
0.34
0.36
0.37
0.39
0.41
0.42
0.44
0.46
0.47
0.49
0.51
0.52
0.54
0.55
0.57
0.59
0.6
0.62
0.64
0.65
0.67
0.69
0.7
0.72
0.74
0.75
0.77
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.31
0.31
0.31
0.31
0.31
0.31
0.31
0.31
0.31
0.31
0.32
0.32
0.32
0.33
0.33
0.34
0.34
0.34
0.35
0.35
0.36
0.36
0.37
0.37
0.38
0.38
0.38
0.39
0.39
0.4
0.4
0.41
0.41
0.41
0.42
0.42
0.43
0.43
0.44
0.44
0.45
0.1
0.1
0.09
0.09
0.1
0.1
0.11
0.14
0.16
0.18
0.18
0.19
0.19
0.2
0.21
0.22
0.22
0.21
0.21
0.2
0.2
0.19
0.19
0.18
0.18
0.17
0.17
0.16
0.15
0.14
0.13
0.14
0.14
0.15
0.16
0.16
0.17
0.17
0.17
0.17
0.17
0.18
0.18
0.2
0.22
0.24
0.25
0.26
0.26
0.26
0.27
0.27
5,648.00
4,664.18
5,223.95
4,552.08
2,179.76
3,381.88
4,082.42
2,980.64
2,290.93
2,708.52
3,229.54
2,216.33
3,380.74
6,468.10
4,639.27
3,161.07
5,947.10
6,241.63
3,607.63
1,660.68
3,461.64
5,305.00
5,504.92
5,149.33
5,868.86
5,265.42
4,962.04
4,430.66
3,505.30
3,217.01
4,002.29
5,333.12
3,457.53
2,171.74
2,605.93
3,365.60
4,242.24
2,687.01
2,256.42
1,882.18
1,303.02
1,900.38
1,382.05
2,537.28
4,674.53
3,515.38
2,568.72
2,281.18
3,088.59
1,637.54
1,698.59
2,210.35
0.2
0.19
0.19
0.2
0.2
0.2
0.21
0.21
0.21
0.22
0.22
0.22
0.23
0.23
0.23
0.24
0.24
0.24
0.25
0.25
0.25
0.26
0.26
0.26
0.27
0.27
0.27
0.28
0.28
0.28
0.29
0.29
0.29
0.3
0.3
0.3
0.29
0.29
0.29
0.29
0.28
0.28
0.28
0.27
0.27
0.27
0.26
0.26
0.26
0.26
0.25
0.25
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251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
1.88
1.83
1.78
1.71
1.64
1.56
1.49
1.42
1.35
1.29
1.23
1.17
1.12
1.07
1.02
0.97
0.93
0.88
0.84
0.81
0.77
0.73
0.7
0.67
0.64
0.61
0.58
0.55
0.53
0.5
0.48
0.46
0.44
0.42
0.4
0.38
0.36
0.35
0.34
0.34
0.33
0.33
0.33
0.32
0.32
0.32
0.31
0.31
0.3
0.3
0.3
0.29
0.79
0.81
0.85
0.89
0.95
1.02
1.09
1.17
1.24
1.32
1.39
1.47
1.54
1.61
1.69
1.76
1.84
1.91
1.99
2.06
2.13
2.21
2.28
2.36
2.43
2.51
2.58
2.65
2.73
2.8
2.88
2.95
3.03
3.1
3.17
3.25
3.32
3.4
3.48
3.56
3.64
3.72
3.8
3.89
3.97
4.05
4.13
4.21
4.3
4.38
4.46
4.54
0.45
0.45
0.46
0.46
0.46
0.46
0.46
0.46
0.46
0.45
0.45
0.45
0.45
0.45
0.45
0.45
0.45
0.45
0.45
0.45
0.44
0.44
0.44
0.44
0.44
0.44
0.44
0.44
0.44
0.44
0.44
0.44
0.43
0.43
0.43
0.43
0.43
0.43
0.44
0.44
0.45
0.46
0.46
0.47
0.48
0.49
0.5
0.5
0.51
0.52
0.53
0.53
0.28
0.29
0.3
0.47
0.77
1.07
1.11
0.88
0.65
0.92
1.79
2.65
4.31
7.1
9.89
13.39
18.08
22.76
27.97
34.2
40.43
42.77
35.66
28.55
23.03
22.32
21.61
22.36
28.67
34.97
39.2
33.09
26.98
21.2
17.79
14.38
11.05
8.63
6.2
3.84
2.87
1.9
0.93
0.78
0.62
0.47
0.83
1.21
1.59
2.52
3.5
4.48
1,778.18
1,832.14
2,328.09
3,541.45
3,751.79
4,344.93
4,314.78
3,880.68
2,315.02
1,031.11
1,729.38
3,359.48
2,366.19
3,090.18
2,712.12
1,336.78
2,395.30
749.32
1,168.77
2,214.24
2,077.21
1,752.83
1,136.55
2,036.47
1,470.27
1,171.77
965.37
615.22
1,458.58
1,755.08
2,712.77
1,343.45
909.04
2,122.76
1,432.97
707.33
847.83
705.44
1,195.22
2,079.37
2,414.99
2,16322
1,498.40
2,167.01
1,397.85
587.73
610.41
1,831.34
1,188.12
452.59
600.04
1,699.12
0.25
0.24
0.24
0.24
0.23
0.23
0.23
0.23
0.22
0.22
0.22
0.21
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0.2
0.2
0.2
0.2
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0.2
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0.22
0.22
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0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.23
0.23
0.23
0.23
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0.23
0.23
0.24
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0.29
0.29
0.28
0.28
0.28
0.27
0.27
0.27
0.27
0.26
0.26
0.26
0.25
0.25
0.24
0.24
0.23
0.22
0.21
0.21
0.2
0.19
0.19
0.18
0.18
0.17
0.16
0.16
0.15
0.15
0.14
0.14
0.14
0.13
0.13
0.12
0.12
0.12
0.11
0.11
0.1
0.1
0.1
0.1
0.09
0.09
0.09
0.09
0.08
0.08
0.08
0.08
4.62
4.71
4.79
4.87
4.95
5.03
5.12
5.2
5.28
5.36
5.44
5.53
5.6
5.65
5.69
5.72
5.7
5.68
5.66
5.63
5.61
5.59
5.57
5.55
5.52
5.5
5.48
5.46
5.44
5.41
5.39
5.37
5.35
5.33
5.31
5.28
5.26
5.24
5.22
5.2
5.17
5.15
5.13
5.16
5.18
5.21
5.25
5.3
5.34
5.39
5.43
5.5
0.54
0.55
0.56
0.57
0.57
0.58
0.59
0.6
0.61
0.61
0.62
0.63
0.64
0.64
0.65
0.65
0.66
0.66
0.66
0.66
0.67
0.67
0.67
0.68
0.68
0.68
0.68
0.69
0.69
0.69
0.69
0.7
0.7
0.7
0.71
0.71
0.71
0.71
0.72
0.72
0.72
0.72
0.73
0.72
0.72
0.72
0.72
0.71
0.71
0.7
0.7
0.69
4.04
3.39
2.75
3.2
3.87
4.54
9.7
16.04
22.38
24.35
24.88
25.41
21.72
16.29
10.87
8.16
6.8
5.45
5.79
7.16
8.53
10.27
12.28
14.29
15.02
14.67
14.32
15
16.71
18.43
20.9
24.26
27.61
29.6
29.66
29.72
29.03
27.1
25.16
22.4
18
13.59
10
8.39
6.79
5.91
7.24
8.57
9.36
8.09
6.83
5.61
1,124.60
438.09
527.13
955.21
541.04
1,166.22
397.74
579.24
1,117.21
774.65
668.52
1,312.04
878.81
707.23
1,039.13
965.44
98.24
247.64
885.78
747.53
293.55
145.42
638.9
964.07
294.41
443.45
276.85
451.99
524.62
540.93
707.7
422.92
305.94
226.79
741.56
136.99
180.55
278.85
327.42
316.59
458.05
341.76
588.1
351.07
467.9
369.77
273.94
375.44
400
733.35
316.43
325.5
0.24
0.24
0.24
0.25
0.25
0.25
0.25
0.25
0.26
0.26
0.26
0.26
0.27
0.27
0.27
0.27
0.28
0.28
0.28
0.28
0.29
0.29
0.29
0.29
0.3
0.3
0.3
0.3
0.31
0.31
0.31
0.31
0.32
0.32
0.32
0.32
0.33
0.33
0.33
0.33
0.34
0.34
0.34
0.35
0.35
0.35
0.35
0.36
0.36
0.36
0.36
0.37
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0.07
0.07
0.07
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0.07
0.07
0.06
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5.88
6.26
6.6
6.32
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5.8
5.85
5.89
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5.98
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0.68
0.68
0.67
0.67
0.66
0.66
0.66
0.65
0.65
0.64
4.6
3.59
2.9
4.42
5.94
7.74
12.56
17.37
22.14
25.82
29.49
249.98
189.16
334.09
225.2
498.28
307.62
285.04
287.61
253.18
394.75
167.47
0.37
0.37
0.38
0.38
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0.38
0.39
0.39
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0.4
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Appendix 5.3.
Time series used to force the 2003b AC
model
(Only the time-series different from those of the 2003a
version are shown here)
Day Chlorophyll Nitrogen Phosphorus
1
®\IO')U'l-ß(.0l\)
9
10
1 1
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.36
0.63
0.91
0.66
0.38
0.11
0.09
0.09
0.09
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.08
0.08
0.08
0.08
0.09
0.09
6.76
6.79
6.82
6.85
6.89
6.92
6.95
6.98
7.01
7.04
7.08
7.11
7.14
7.17
7.2
7.23
7.27
7.3
7.33
7.36
7.39
7.43
7.46
7.49
7.52
7.55
7.58
7.62
7.65
7.68
7.71
7.74
7.78
7.81
7.82
7.82
7.83
7.79
7.75
7.7
7.65
7.61
7.56
7.51
7.47
0.5
0.5
0.5
0.5
0.51
0.51
0.51
0.51
0.52
0.52
0.52
0.52
0.53
0.53
0.53
0.53
0.54
0.54
0.54
0.54
0.54
0.55
0.55
0.55
0.55
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Appendix 6.1
Turbidity-related time series used to force the AC model
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